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OPTOACQUSTIC SPECTRUSCUPY TO OETLCT HYDRAZIWL FUILS

INTRUBUCTTUN

fhe oS, Alr Force now hes necd ot 4 jortable real=tine it fetoector,
with a sensitivity of at least 0.1 ppi, tor the nydrazine tuels.  Theretors the
purpose ot tniu report is to present the principles and practice of oploacoustic
spectroscopy and a theoretical analysis of the feasibility for using this tech-
nique to detect the gaseous hydrazine fuels (hydrazine, monomethylhydrazine
{MMH}, and 1,1-dimethylhydrazine {UDMH}). The success of numerous efforts tu
detect small quantities of gaseous pollutants is shown in Table 1.

BACKGROUND

The optoacoustic effect was discovered by Alexander Grahan Bell over
90 years aygo (3u-32). In his pioneering experimerts, Bell focused mechanicalily
chopped, non-dispersed sunlight onto a sample tube. When the light fell inter-
mittently on a solid or liquid in the sample tube and was absorbed, Bell wit-
nessed a "sonorousness” throuygh an attached listening tube (a short length of
tubiny connected to one cend of the sample cell, with the other end placed 1in the
observer's ear). The frequency of the emitted sound was that at which the inci-
dent light was modulated.

Tne transformation of optic to acoustic energy was reported: “...the
pulses of absorbed optical quanta are degraded in the sample to heat pulses,
which in a gas, express themselves as pressure pulses, that is, sound...."(32).
In summarizing the sonorous effects produced in a variety of materials, Bell
prophesied: "I recognize the fact that the spectrophone must ever remain g mere
adjunct to the spectroscope; but I danticipate that it has a wide and independent
field of usefulness in the investigation of absorption-spectra in the ultra-red”
(32).

Mercadier, Preece, Roentgen, and Tyndall also reported studies of the opto-
acoustic effect, particularly with gases (216, 285, 298, 299, 357). Their at-
tempts were not very successful, due to the lack of sensitive dcoustic detection
devices. After these early studies, no further work was reported uniil 1938,

In 1933, three independent 1nvestigators reporied the application of the
optuacoustic effect to gas analysis. Luft, Pfund, and Ve2ingerov all described
instrunents for the analysis of gases and gas mixtures which utilized the opto-
acoustic effect to detect their absorption of infrared radiation (196, 273, 300-
362).

Since then, nunerous investigators nave measured the vibrational relaxation
rates in yases, dand have presented theoretical tredtments ot the optoacoustic
effect (4, o0, 7, 11, 12, lo, 20-27, 42, 43, 45, 47-52, 54-56, 53, 60, b6l, b4,
bb, 69-71, 75, 77, 80, 91, 92, 94, 95, 106, 107, 110-113, 115, 118, 11y, 124,
125, 136, 148-154, 153, loU, 1v3, 1o/, 173-178, 1381, 185, 135, 194, 202-205,




TABLE 1, LASER OPTOACOUSTIC SPECTROSCOPY-DLTECTABLL GAS
SENSITIVITIES (INTERFERENCE~FREE)

Gas Laser Wavelength (um) Sensitivity (ppb) | Reference
Acetonitrile Co, 9.4 P(16) 670,0 252 ‘j
Acetylene Co, 10.4 P(14) 3.0 252 '
Ammon i a Co, 10,4 R(6) 343 252
Co; 9.4 R(30) 0.8 252
Co, 107 P(32) 1.2 204
Co” 6.2 P(15) 0.4 176 .
Co,y 9,2 R(30) 0,3 318 i
Co, 10.4 R(6) 1.1 318
Benzene CGy 9.4 P(30) 48,0 252
Co, 9.4 P(20) 143,0 252
Co, 9.6 P(30) 3.0 176
1,3-Butadiene co 6.2 P(13) 1.0 175
Co, 10,7 P(30) 2.0 176
Butane Coy 10.4 R(14) 200.0 252
T-Butanol Co, 10.4 P(34) 26,0 252
co, 10,4 P(30) 31.0 252
1-Butene co 6.1 P(9) 2.0 175
Co, 10.8 P(38) 2.0 176
Cyc lohexane Ccoy 9.4 P(28) 250.0 252
Cyc lohexanone co, 3.6 P(10) 20.2 bl
1,2-0ichioroethane Co, 10.4 P(IQ) 450,0 252
Co, 10,4 P(22) 500.0 252
Dinitrate co, 9.6 P(14) 8.26 71
2,4initrotoluenc Cco, 9,6 P{16) 0.5 71
tthyl Acetate Coy 9.4 P(6) 8.3 252
Co, 9.4 P(14) 9.0 252
Ethylene €Oy 10.4 P(14) 2.6 252
Co, 10,5 P(14) 0.2 176
Co, 10,5 P(14) 0.3 177
co, 10,5 P(14) 0.3 330
Ethylene Glycol co, 9.4 P(14) 38.0 252
Freon-11 Co, 9.4 R(22) 18.0 252
Freon-12 COZ 9.4 R(20) 20.0 252
Co, 10,4 P(30) 505 252
Co, 10.8 P(42) 0.3% 318
o, 9,2 H(32) 2.4 318

(Cont'd, on faciny page)




TABLE 1, (Cont'd.)
Gas Laser Wavelength (um) Sensitivity (ppb) | Peterence

Freon =113 Co, 9.4 P(26) 5.0 52
Freon -114 co, 9.4 P(14) 3.6 252
Furan co, 10.4 R(30) 25.0 252
lodo Propane co, 9.4 R(24) 350,0 252
I sopropanol Co, 10,4 P(1Q) 29.0 252
Methane He-Ne 3.4 10.0 174
Methano! Cco, 9.7 P(34) 0.3 176
Methyl Chloroform Co, 9.4 R(24) 11,0 252
Methyl Ethyl Ketone co, 10.4 P(22) 83,0 252
Methyl amine C 9.4 P(24) 120.0 252
o 9.6 P(30) 25,3 n
Nitric Oxide co 5.2 P(1 D) 0.4 176
co 5.3 P(12) 10,0 175
Nitrogen Dioxide Co 6.2 P(14) 0.1 170
Dye 0.5 ~ 0.6 4.0 64
Argon Not reported 5.0 137
Nitroglycerine Co, 9.4 P(14) 0.7 252
co, 9.4 P(14) 0.2 71
Ozone co, 9.4 P(14) 9.0 252
Perchloroethylene C 10,4 P(42) 3.2 252
C 10.4 P(40) 4,3 252
C 10.8 P(42) 1.1 318
C 10.8 P(40) 1.4 318
Propyiene co 6.1 P(9) 3.0 176
Sul fur Yexafluoride Co, 10.4 P(16) 0.2 252
Trichloroethylene C 10.4 P(20) 13.0 252
c 10.6 P(24) 0.7 176
C 10.6 P(20) 4,2 318
Viny! Chloride Co, 10.4 P(22) 12,0 252
Water co 5.9 P(13) 14,0 176
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207, 208, 209, 211, 212, 228, 235, 280, 246, 256, 257, 259, 262-268, 270, 271,
286, 287, 292, 294, 295, 297, 300, 303, 313-315, 318-320, 322, 330, 336,
342-345, 347, 351-356, 365-368, 370-373, 379, 381-383, 387). Refinements in the
instrumentation used for optoacoustic measurenents have also been reported (1,
4, 5, 9, 18, 20, 22, 24, 35-39, 41, 42, 44, 46, 54, 55, 62, 63, 66, 67, 73, 74,
78, 79, 81, 82, 84, 85, 9U, 93, Y6-101, 103, 104, 114, 116, 117, 120-123, 131,
132, 137, 145, 146, 149, 156, 157, 162, 168-172, 1/9, 180, 186, 187, 190, 193,
197, 199-202, 215, 220, 224-227, 229, 236-239, 241, 243-245, 248, 249, 252, 253,
260, 261, 269, 272, 274-276, 278, 279, 287-291, 293, 301, 302, 304, 321, 332,
334, 337, 338, 341, 348-350, 359, 364, 376, 385, 386).

In addition to studying gases by optoacousiic spectroscopy, many inves-
tigators have applied this technigue to the direct examination of solid and
semi-solid samples (3, 8-10, 13-15, 1/, 19, 33-349, 53, 57, /2, 76, 83, 86, 114,
126-130, 133-135, 155, 159, 161, 162, 166, 182, 183, 191, 192, 195, 198, 206,
210, 213, 217, 223, 230-234, 247, 2.4, 24, 277, 296, 305-312, 316, 317, 333,
335, 340, 346, 363, 3069, 374, 372, "80, 234}, Houghton and Acton observed opto-
acoustic signals from films of acetylene soot, camphor soot, flat-black paper,
and black-body cavities (133). Harsnhardger and Robin, who described an experi-
mental configuration for optoacoustic spectroscopy in the UV and the visible
region, reported its application 1n analyzing various solid sanples~-inciuding
powdered K,Cr,0,, flower petals, arass, dried biood smears, ultramarine, and
carbon black %118). Rosencwaig described the use of optoacoustic spectroscopy
to obtain spectra for inorganic samples and biological materials (304-312).
Parker (258) and Parker and Ritke (259) observe:d ovptoacoustic signals from a
surface film on the window of a sample cell designed to study the collisional
deactivation of singlet wmolecular oxygen. Bennett and Forman (33-39), Kerr
{159), Kerr and Atwood (160), and Rosencwaig and Gersho (310, 311) developed not
only theoretical interpretations of the gptoacoustic effect observed in sanple
cells excited by Taser or continuwi sources but also theoretical explanations
for the neat transfer process at the solid-gas interface. The measurement and
theory of thermal ditfusivity dand optical absorption spectra, particularly for
nonhomogeneous samples, have also been documented (14, 16, 27, 28, 33-39, 4g,
52, 56, o0, 61, 69, 70, 75, 77, 80, 81, 91, 92, 94, 112, 113, 115, 118, 119,
122, 126-130, 133, 134, 155, 159, 160, 164, lee, 171, 173, 174, 177, 181-183,
185, 188, 191, 192, 195, 196, 205-208, 210-212, 217, 223, 234, 247, 256, 258,
259, 262, 265, 267, 296, 297, 300, 310, 311, 313, 316, 317-319, 330, 334-336,
340, 345, 351, 353-3b6, 3n0-362, 365, 366, 3/0, 372, 378, 382, 384).

One of the most recent applications of optoacoustic spectroscopy has been
the detection of asbestos fibers {cnrysotile) in municipal drinking water at
concentrations as low as 0.1 nanograms per cubic centimeter (277). Also, the
General Motors Research Laboratory hds fabricated an optoacoustic spectrometer
to measure diesel engine exhaust particulate emissions with a 0.5-sec response
time (254, 275, 276).

In brief, according to the forvquing review ot the developrent and applica-
tion of optoacoustic spectroscopy, its use in gaseous and in sulid analyses has
been established and accelerated with the introduction of laser sources.




GENERAL SYSTEM SESURIPT UL

I sptoccoustic spectroscopy, rddiant Tron? enerce Jwatt o 1s tor o on-
serted L) soand pressure (pdscals), dand “nen tooan electricar votentiar Tvolits
Pecare Lorepresceriy g steplifaed axperipental uplodooustio spect roseyr y Lystio,

Pont o troa tne laser 15 odaldted by opassing 1t through a rotating cechdnica
chopper,  The modulated bean ther passes through a container tndl hos 1 gas
saviple.  Enerdgy absorbed from the laser hedx nesds the gas and dauses 1ty pres-
sur- tu rise.  Since the heam 5 wriuigled, Lhis poessgre rise 1s periodic at
tne beans wodulation frequency.  Ine pertodic pressure fluctudtions are detecten
by 4 oalcropnone, converted to an electrical signal, and amplified by the pre-
amplitier, The detector at the exit ot the optodacoustic cell 1s used to samnice
the laser beam so that compensation can be made for vuriations in the optoacous-
tic spectra caused by wavelength and tempural intensity fluctuations of the
laser euission. The two synchronized lock-in auplifiers in the signal-
processing section compensate tor phase changes duc to laser bheam wal«ing, since
a mechanical chopper with ndarrow slits converts beant walking to phase changes,
Coupensation for the aforementioned effects i1s accomplished by ratioing, with
the ratiometer, the outputs of the lock-in amplifiers. The optovacoustic spectra
are usually recorded on a strip-chart recorder for subsequent analysis.

Acoustic Signal Generation Process

In order to waximize the sensitivity nf 4n optodcoustic systeri and entidance
its trace gas detection capabilities, one :ust understand the acoustic sianal
generation process and the variables afvecting 1.

The tirst step in the yenerdtion of an optodcoustic siygnal 1s the absorp-
tion of energy frow the modulated Taser heari. 1 T 3

nis absorbed energy produces 4
periodically varying heat disturbance in the gas and becomes the source of sound
energy. A theoretical analysis of the acoustic signal generation process has
been developed by Rosengren (313, 314) and by otners (/. &, 11, 12, 14-1o,
53-55, 39, 42, 70, 77, 80, 113, 150, 152, 155, 160, 1/3-176, 191, 203, 201, 20h,
208, 211, 212, 230-232, 240, 212, ?h0, 237, 306-308, 352, 354, 3b&). The L
important descriptive reldationships are suiiiarized here:

Tge intensity of a laser bean (erq-cm_gosec'l) can be expressed 4s I(F.t),
where r describes position and t is time, The heat disturddance produced by the
beari can be represented as H(r,t). H has dimensions of power per unit voluie
(ergecn™3esec™ ). for many experimental situations, H and | are related by a
simple proportionality constant (a):

i ronstant (a) has dimensions of reciprocal Tength {(n7 ) and 15 comaonly
referred to as absorbance. tFquation ] s valird when the two toliowing condi-
tions dre sdtisfied:

d. The intensity {1) 1s sufficiently small so that the absorbing transi-
tion 15 not saturdted.
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he  The tire variatann ot 1S crch siowes taan the S ter 1
ASorhed vner oy respoto it for producing hees

it oeither or DOth Coirlions dare noalosdtistied, fhe rolgioonsnip setwecn rdnd !
pecdies Conplen, and gudantui, cwechanleal coherent eiltects nust 7o vansere

for situat1ons when the two focegoing condisions fa acy o) nave been <atistiey,
DOvover, 4 fate eguation relating i oant 1 onas heen deveioped by Yaiser (1907 and
Lrueger DLMa-Vel,

P01 strate the rate equation, let [ be "¢ den-ity St dbsorbing ole-
culesy no, the density ot absorbing rwlecilos 1 the excited state; ho, the
eneryy  Of the transition; 4., the line wi(th of tihe transition; S, the line
strength of the transition; t,, the radiative lifetim2; and t., tne collisional
decay time of the upper state., The equation describing the ugper-itate
population for paths of decay which are radiative and collision-induced is:

dn,

: I -1 2l SN
—_— = =N, —_ [._.S__.} + T + 7 S R /
dt - hv “mav C R : ho' Ay {(2)

dnder normal circumstances, collisinnal excitation eftects 1n the upper state
are neglected; this assumption 1s valid as long as hv » k7, where k is
Boltzmmann's constant and T is the gas temperdture.

The solution of Equation 2 yields the dependence of the upper state
population on {ight intensity (1), density of ahsorhiny molecules (N), and
various parameters that describe the transition. Tne tine dependence of [ can
be expressed as:

—
o+
~—
n
—
—
-+
-
——
[d
~—
—
(o)
~—

where I, is a constant. Thus, a solution to Egquation 2 1s:

, t
(nl(t)/N) = (D/F) + (2FT)7F {1 - Foexp{- [ [F + 20f(t*)Idt"-

t t!
of exp {f (F e 2nf(th)laett dtt! (4)

-1
i

The spontaneous decay rate of the upper state (t °) is given by:




The stilated rate () tor absurpt ton e emisstun of radiation, ts qiven by:

] iob/(hunAv) (6)

and the quantity F is defined as:

F=2D+1 " (7)

The solution to Equation 2, which gives the upper-state population density,
can be simplified 1f the time variation of I(t) is sufficiently sltow. In
particular, if the time variation of i(t) is slow compared to that of F, then
the left side of Equation 2 can he set equal to zero. !nder this condition, a
solution for n is:

n {(15/hvnav)

N (21S/hvrnav) + 17° (8)

Equation 8 shows the transition saturation effect for large I, that is,
(21S/hvmav » v *); and in the limit of large I, (n,/N) becomes equal to (1/2),
and the absorbing molecules are evenly divided between the upper and lower
states of the transition. In the limit for small [, Equation 8 reduces to:

”1‘ , 1St
(=) = {——) (9)
N homAv

Thus, when the time variation of [ is sufticiently slow, and the intensity
sufficiently weak, n_ is proportional to I.

1

Heat is generated in the gas by the nonradiative decay of the excited state
population (n ). The rate of heat aeneration is given by:

Cin /e
Hooin /ety (10)

For those cases where Fquation 8 i3 a good approximation, Equations 9 and 10 can
he combined to yield a iinear dependence of H on 1. The result is:

e Nt ket ¢




fhus, the absorbance (a} is defined as a function of lne constants describing
the transition process. The optoacoustic absorbance yiven hy Equdation 11
describes the conversion of light energy into heat,

fhe second step in the generation of the optoacoustic sigrdl is the excita-

tion of sound in the gas. Ine detailed theoretical treatuent of tnis prouiess
has been developed by various investigators (7, 8, 11, 12, 14-16, 33-3L, 39, 42,
v, /7, 80, 113, 150, 152, 155, leU, 173-176, 191, 203, 204, 206, 208, 211, 212,
230-232, 240, 256, 287, 306-308, 313, 314, 3%2, 354, 30d). The excitation pro-
cess tor acoustic normal modes in a saple cell, the calculation of the quality
factor for these modes, and the generation of noise by thermal fluctuations are
summarized in the following:

Sound in the gas can be described by the acoustic pressure p(?, ), which is
the difference between the total pressure P, and its average value, P,:

p =P - P0 11?2)

Morse and Ingard (228) have shown there is an acoustic velocity {G(F,t)} and
temperature {O(r t)} associated with the acoustic pressure (p). The acoustic
velocity is the fluid velocity of the gas at position / and time t caused by the
sound. The acoustic temperature is the departure from the average temperature
(T) caused by the sound,

The heat {H(F,t,)}, produced by the absorpticn of light, acts as a source
for the generation of sound (224). This effect can be described by:

- 2 . .
vip - 7P (ap/at?) = - [y - 1)/c?](3H/at) (13)

where ¢ is the velocity of sound, and y is the ratio of the specific heat of the
gas at constant pressure (Cp) to that at constant volume (CV).

fquation 13 is an inhomogeneous wave equation that can be solved by tdking
the Fourier transform of both sides, and expressing the solution (p) as an
infinite series expansion of the normal mode solutions (p.) ot the homogeneous
wave equation {173, 174, 226-228, 256). The Fourier tran%form of Equation 13
yields:

(V2 + mz/c?}p(F,w) = [(y - 1)/c2}1mh(5,w) (14)
where
p(r,t) = [p(F,u)e it o, (15)
H(r,t) = [H(Fw)e 19t (16)
11
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The normal mode solutions tor a homogencous wdve equation dare determined by the
boundary conditions, [t the walls ot the sample cell are rigid, the acoustic
velocity component normal to the wall nust vanish at the wall. Since the
acoustic velocity (G) is reldated to the gradient of p in the following relation-
ship (o 1s density):

>

G(Fw) = (Twne) ™ 7 ¢ p(F,w) (17)

it follows that the gradient of p nurmal to the boundary nust vanish at the
voundary (175, 174, 228, 256)}. This boundary candition determines the normal
wode solutions (pj) of the huvinogencous wave equation:

(77 + K ) (F) - 0 (14)

If the resonant frequency of the normal node (pj(F)) s set equal to wj, these
modes will be orthogonal and may be nurmalized with the normalization condition
given by (173, 174, 226-228, 256):

The volume integral is over the sample cell volume (Vi).

For a sample cell cylinder of radius a, and length £, Equation 18 can be
written in cylindrical coordinates (1/3, 174, 226-228, 256):

3 P 2 p 3y w -
. ):-{ J

. i J
- (L S B (20)
aF o 2y 3z’ -

Morse (226) Morse and Ingard (227, 228) found a solution given by:

p.o= (mg) [AJ (k;F) ¢ BN [k

P sin N 2rl] |C sin (kzz) + D cos szz)[ (21)

where Wy and Ny, ere Bessel 1ugctions of the first and second kind, respectively.
Since Hy becowes infinite as r oapproaches zero, it follows that 8 - 0, if
Equation 20 is to represent the pressure inside a cylindrically-shaped sample




cell. To satisfy the boundary condition imposed by rigid sample cell walls, the
gradient of p normal to the cell walls must vanish at the walls, [f one end of
the gas container is set at z = 0, and the other end is at z = 72, it follows
that C = 0, and the allowed values of k, are given by:

- = {7,
k, = (n/2)n, for (n, = 1,2,3,...) (22)

Applying the same boundary conditign to the walls at F’= a, leads to the
condition that the derivative of Jy (k r), with respect to r, must vanish at

r=a:

0 (2]

~.
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which is equivalent to the general expression developed by Morse (226) and Morse
and Ingard (227, 228):

[d 9 (na)/da]}] =0 (24)
a = apn
for kx = map,/a (25)

where ap, is the nth root of the equation involving the mth order Bessel
function. The requirement that p be continuous, limits m to integral values.
Substituting Equation 21 into Equation 20 yields the resonant frequency of the
mode:

172
wi = c (k2 + k%] (26)

Thus the acoustic pressure (p) can be expressed as an expansion of the
norinal mode pressure components (pj) and their associated amplitude components

(Aj):

b (Faw) = ) A (W (F) (27)
LA

13




substituting Lguation 27 into bguation 13 yields:

e Iy - 1)/vcffp3 HdV
Aw) e - o e (28)
o L‘.],J (1 - A'z/m\].zlt

which gives the mode amplitude components (173, 174, 226-228, 256). The
integral in the numerator on the right side of Equation 28 represents the
coupling between the heat disturbance (H) and the normal mode pressure
components (PJ)- The denominator represents the wmode resonance with A;, and
becomes infinite as w approaches the natural resonant frequency wi. T%is physi-
cally unreasonable situation is the result of the absence of any foss mechanism
1n bEauation 13. A correction can be uade by modifying Equation 28 to include
wode damping described by the quality factor (Qj) (173, 174, 226-228, ?5h):

e Uy - 1) /VETS pyTHav
I e L P s -
mj - w /mj - ]u)/ijJ.J (29)

A method for calculating Q; from the undawmped function, Pjs follows:

To show the explicit dependence of the acoustic signal on the qgas absorp-
tion and light intensity, H rust be replaced in Equation 29. Using Equation 1,
the substitution yields:

i ([ v - r * d
Aw) - (o el DAV py LY

J \wjzf {1 _ wZ/mJZ _ im/wjoj] (30)

Two cases should be considered for Equation 30. First, I is assumed a con-
stant throughout the volume of the container. In this case, the integral in the
numerator of tquation 28 vanishes for j # 0. The lowest order mode (p,) has a
resonant frequency (wg = 0), and represents a constant pressure change in the
container. In this particular case, | and pg are proportional to each other,
and the vanishing of the integral for j # 0 is a direct result of the orthogon-
ality of the functions for Pj. Under these conditions, Equation 30 reduces to:

Ao(m) Jodaly - 1)
m[l + [i/mTT‘}1 (31)
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The time {t.), in the denominator of Equation 31, is the darping time for p,
resulting fron heat conduction from the gas to the container walls. Assuiing
that the gas container is cylindrical in shape with a cross sectional area {4¢),
length (2), and volume (Vc), the total light beam power (W) is equal tu Ivc/x.
In Equdation 31 the intensity (I) can be replaced by We/Vg, to yield:

ia{y - 1) W
AJm)=~lJlf“J_f_
w(l + 1/mTo)VC (32)

For the second case, the situation is considered where the spatial distri-
bution of the intensity is adjusted so that only the first-order mode (p,) is
excited. Equation 30 reduces to:

w 2 Ve[l - (087w, ?) - ile/w, )] (33)

Exciting a resonant mode (i # 0) has distinct advantages. At low frequen-
cies (wt, << 1), the zero-order mode amplitude is constant, is independent of
frequency, and has the value:

aly - 1)We
py = T DMy (30)

Ve

At high frequencies (wt, > 1), the amplitude decreases as 1/w. The first-order
mode amplitude reaches 'a maximum at w = w . The ratio of the maximum amplitude
of the first resonant mode to that of the 2ero-order mode is:

A (w)/AL(0) = Q Ju T, (35)

[t the value of this ratio is greater than unity, then the first-order mode
amplitude is larger than the zero-mode amplitude. Thus, the value of this ratio
depends on mode damping,

Calculation of the quality factor (Q) can be accomplished by separating the
viscosity and heat conduction losses into @ volume and surface loss (228). The
surface loss occurs in a thin region near the walls. This region can be consid-
ered to consist of two layers that extend out from the wall of the cell. One
layer is of thickness &, in which the viscosity effects take place; and the




other, of thickness %p, in which heat conduction effects occur. The associated
skin depths are (173, 174, 226-224, 25b):

IR AV (36)

}

'x‘,h' - 2k/‘r”uc', (37)

where & is the viscosity and « is the thermal conductivity of the gas. The
total surface loss . Lgj! is given by:

- 'AJ’” [ 172 Rv|a + 172 Rh’pjl‘;ds (38)

bsj el

where Ltj is the acoustic velocity component tangent to the cell's walls, and

Ry and Ry, representing the loss from viscosity and heat conduction, are given
by (173, 174, 226-228, 256):

R, = (nop 72} (39)
R, = (v = 1)/o,¢"|(xw/20C,)! (40)

The volume loss (Lyj) is given by:
Lyy = oy P = D020+ @n/3) | Ve |AS | (41)

The energy (EJJ stored in mode j is given by:

£, = VC'Ajlz/pOCZ (42)

J




hercfore, the quality factor (Qj) can be calculated from Pquations 32, 41, and
42, and the definition of Q:

Enerqgy Stored in Mode j
Q. = w, — ————

] .
Rate ot Loss of Energy From Mode | {43)

or
) (44)

The acoustic normal modes of the gas-filled sample cell are also excited by
thermal fluctuations, thus producing a noise source that causes a fundamental
limitation on acoustic signal detection sensitivity. Kittel (165) has described
the theory of thermal fluctuations. The power spectrum of the noise is given
by:

_ 4p c? kT
()| = o -
Veus 0 {(1-w2/wj2)2 + (m/wjoj)zg (45)

J

Mode damping has an influence on thermal fluctuation noise. The total energy of
excitation for a wode is equal to kT, and is not affected by Nj. However, the
frequency coriponents of the noise depend on Qj . Increasing Qj‘shifts the noise
into a narrow band around the node resonant freguency. In the case where the
signal frequency is well below the mode resonant frequency (w << mj), fqua~

tion 45 reduces to:

‘AJn(w)’z = 4poc2 KT /w0, Q; Ve (46)

This equation shows that noise mdy be reduced by increasing Q-

A usetul quantity to evaludate the performance ot a detector is the noise-
equivalent-power (NEP).  The NLP of an optoacoustic detector is the amount ot
puwer that would have to be absorbed by the qas to produce a signal amplitude
equal Lo the noise amplitude given by Lquation 45. For optoacoustic systems,
the NEP is given by (40, 173, 174, 726-228, ?56):

(NEP) = anoc7kTVCw?/w;QI(Y - 1) (47)




dnd has the units oF power (watts) per square-root of trequency (hertz). The
value of Equation 4/ is that 1t can be used to aptimize the design of an opto-
acoustic system. It shows that the NP is reduced by increasing the resonant
frequency and (.

Rcoustic Siqnal Detection

The final step in the generation of an optoacoustic signal is the detection
of the acoustic excitation. The detector element most commonly used is the con-
denser microphone. 1In order to calculate the magnitude of the electrical signa)l
produced by the microphone and compensate for the noise that will be added to
this signal by the microphone and its associated preamplifier, one must develop
the behavioral theory of the microphone in the context of an optoacoustic appli-
cation (24, 29, 80, 102, 147, 173, 174, 130, 214, 218, 219, 230, 231, 240, 242,
256, 282, 291, 309, 313, 314, 327-329, 348, 277, 386). Treatment of the con-
denser microphone mechanically--in terms of position, mass, damping, and spring
constant--has been documented by Several investiqaters (29, 173, 174, 180, 237,
231, 240, 256, 313, 314). Also, an electrical model or the microphone--in terms
of its equivalent circuit-~has been developed; and a summdry of this model
follows here (173, 180, 256, 328, 329, i3, 38b):

The condenser wnicrophone diaphragn is usually fabricated from a thin metal
disc that is mounted to produce a large radial tension. Acoustic pressure act-
ing on one side of the diaphragm cduses it to move. This motion is detected by
a change in capacity between the diaphragm and a fixed plate, mounted behind the
diaphragm. Motion of the diaphragm may be described by the modes of vibration
for a thin plate. Since the lowest order modes will cause the greatest change
in capacity, only these modes will be considered. The motion of the diaphragnm
that generates a signal can be described by a single degree of freedom, which
corresponds to the diaphragm bending into a spherical shape, To illustrate,
consider the digphragm at rest in the yz-plane and its center at the origin,
The lowest order mode corresponds to a displacement of each point of the dia-
phragm in the x direction by an amount, x(r), given by:

x(r) = x(0)[1 - r/b?] (48)

where r is the distance between the origin and any point on the diaphragm, x{0)
is the displacement of the diaphragm at the origin, and b is the radius of the

diaphragm. The average displacement of the diaphragm can be found by averaging
x(r) over the dJiaphragn to yield:

x = (nb%)7H If x(F)F dr do (49)

18

LR T Ry T




suhstituting Equation 48 into Egquation 49 yields:
x = 1/2 [x(0)] (0}

that is, the average displacement is one-half the displacement at the center,
The lowest order mode equation of motion for the average coordinate x is:

d?x dx >
m——+68 — +K x=F (51)
dt? dt i

where m 1s the mass ot the diaphragm; w, the damping factor; Ky, the restoring

force (spring constant); and F, the external force applied to the diaphragm.
The external force has two components {d4 and b):

a. the force resulting from sound pressure p, Ay, where p, is the
average pressure over the diaphragm, and A, is surface area of

the diaphragn; and
h. the force resulting from the microphone's bias voltage.

The force resulting from the bias voltage causes the eguilibrium position
of the diaphragm to shift a swall amount (x,), which is given by:

Iq = 2 2 2
xo,d CmVB /d Km (52)

where d is the distance between the diaphragm and the back plate of the micro-
phone capdcitor when the microphone is unbiased; (4 is the unbiased microphone
capacitance given by:

C, = e, A/d (53)

and Vg is the wicrophone bias voltage.

The restoring force (Kp) is produced by the tension {I.) in the microphone
diaphragu:

Km - 8nrm (54)

This tension nust be satticient to prevent the bias voltage from pulling the
Avaphragm into contact with the back plate,




The simplest and most common way to bias the condenser iicrophone is_ to
apply ¢ tixed voltage bias through a large resistor (Ry), so that (RBCm)'1 is
rmuch Tess than the signdl trequencies of interest. The output voltage of the
microphone (V) is given by:

Vo = p —— |1 - 2 - (2 (55)

where wp is the microphone resonant frequency [wy = (Ky/m)'/%], and Qq is the
quality factor Qp = (me/d)‘/ZT. The open-circuit voltage sensitivity (Sy) is
defined as the low-frequency (w << wyp) ratio of the signal voltage (Vg) to the
sound pressure (py):

Sm = VB Am/de (56)

Sm in terms of the wmicrophone equivalent volume (Vph) is found by combining
Equations 54, 55, and 56:

Sy = VgV /dvP A (57)

The electrical signal generated by the microphone as a result of the opto-
acoustic pressure signal can be calculated from Equation 55 by substituting the
proper value for p,. In solving Equation 13 to find py, one must consider the
effect of the microphone on the acoustic behavior of the gas inside its con-
tainer (173, 180, 256, 313, 314). The addition of the microphone to the con-
tainer affects the acoustic modes of the container by changing the boundary con-
ditions on p;j. In the absence of the microphone, the boundary conditions on the
rigid container walls require that the gradient of p normal to the wall must
vanish at the wall. When the microphone is added to the container, the dia-
phragm forms a part of the container wall and this part is no longer rigid. In
this case, the boundary conditions require the acoustic velocity normal to the
diaphragm surface to be equal to the diaphragm velocity (dx/dt) produced by the
acoustic pressure (pp), thus yielding:

b Ky 11 - (w/w )7 - i{w/uQ )] (58)
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At h 13 the boundary condition at the microphone,  In bt 1on 57 SRS
e geetient ot ponormal to the diaphra we When the vnorophone b added to the
a4s ontadiner, and Pquation 5% 1s used to describe the bourctars condition ooy
Site o lations ot cquation 13 will not, in generdl, be orthooconag’ -~and §aaataon,
oS, andt  w onot ne satid, AS @ result, solving Pgudation b T tan
Gplud OuSLi. aressars becodes ore complex,  However, 1n the case for g 1cr-
phone coupted ta o saall saaple cell, a sieplitication can he nade to reduce Tns
cortpboxity ot tinds calonlation,

[t the container is saall enongh, and the nodalation frequency 1sowch Tess
thdan tie respective resonant frequency of the sauipic cell and microphone, the
pressure wiltl be constant and independent of position in the container, and the
microphone will behave like an additional volume (V,;) added to the sample cell

{173, 180, 256, 313, 314). Thus, Ag(w) and Vg becoie:

Ao<”) o duly - LWe
| ] Lo i a\
J\l*1w/TT, LVC* Vm, (59)
]'\-1 v‘ Vv
Voo - B M (a) (60)
> P A d V.oo+ v
0o C m

which gives the electrical signal produced by the microphone. These two egqua-
tiuns describe the signal generated by an optoacoustic detector. They provide a
aedns ot evaluating the effect of design changes on signal amplitude and
siynal-to-noise performance.

[f the dinmensions of the sanple cell are kept small, the first acoustic
resonance mode of the combined micronhone and container will occur at the modi-
fied resondant frequency of the microphone., The modified spring constant (Ky')
can e calzulated from the modified effective volume (V,,'):

A T T (h1)
Ko = K Vm/vtt (62)
The resondnt frequency becoues:

. 172 .
woom e LV VG (63)

1 n
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Assuming that loss comes only from microphone damping, the noise voltage
{‘vsn(w),z) is calculated by combining Equations 46, 55, and 61-63 (where
2

poc” =y Py):

fﬁrpnc“

wQOVm(l * Vm/vC

s - (64)

'V (w)l) :{ )) m

sn

An optoacoustic condenser microphone can also be modelled as a two-terminal
electrical network (173, 180, 256, 327-329, 348, 386). The small signal elec-
trical impedance of a biased microphone is identical to a series resistance-
inductance-capacitance; and (RLC) resonant circuit shunted by a capacitor. An
equivalent circuit is shown in Figure 2, in which Cp is the microphone high-
frequency capacitance, and C', L, and R are determined by the restoring force,
mass, and damping of the diaphragm, respectively:

C' o= L0 VA K (65)
L= m/K o= (o )7 (66)
— t 1y =)
Ro= /K0t = Qg oy CF) (67)
.

"

NN

| ~a<_/\/\, _._)\/\R/\/\,_. -
/
vi,

Fiyure 2. Condenser microphone equivalent electrical circuit.,
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ine signal caused by an acoustic pressure (py) on the diaphra; « pe o as o
voltage (V) in sertes with the RLO' resonant circult, and 1, gizen by:

z ) = (0oeyg
Ve = (A AL D = (IE0)S o

m T
where

C =+ A /4

i o m

In the mechanical model of the microphone, the noise appeared to be cdused
by viscosity and heat conduction, which resulted in a finite Q. In the clectri-
cal model, the noise is represented by the resistor Johnson noise. .Johnson
noise produced by the resistor in the equivalent circuit appears as o noise vol-
tage on the output terminals, and has exactly the sane amplitude as the thermal
tluctuation noise, The nuise at the output terminals of the microphone gener-
ated by the Johnson noise in resistor R is (40, 120, 147, 165, 197, 230, 231,
239, 242, 256, 2383, 314):

L+ v /V.]
a2 = S - ey (69)
wZsz wC!

In the low-frequency limit, Equation 69 simplifies to:

7
P 4Upu ]
v S O (70)
¢ . 7' m
W, Vm(l ! Vm/VC)‘

[N

which is identical to Eguation 64,

In addition to the therwal fluctuation noise, a siynificant source of noise
will be the microphone preampiifier (Fig. 1). Developrient of the theory of
noise introduced by the microphone-predumplifier combination has been studied by
various investiyators (7, 24, 29, 78, 80, 102, 173, 174, 179, 180, 197, 229-231,
239, 256, 314, 327-329, 386)., A summary of this theury fullows.

fhe wicrophone electrical equivalent circuit {(Fiy., 2) is also useful 1in the
development of the preauplifier noise. A model of the microphone and preanpli-
fier equivalent circutt ts Shown in Figure 3. Preamplitier noise 1s represented
by a veries vnltaye noise source | VndIZ}, and 4 shunt current noise source

{ lnd'é}' Noise is also qenerated by the Johnsan noise ot the bias resistor

(Rg); capacitor L, and the associated feedback circuit are used to increase
the input impedance, and thus increase the low-frequency response. Combining
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Liese Lhree norse sources with the niicrophone notse yoobds the power e tean
{'V”, poof the total notse reterred to the preanplitier 1nput:

i1”d|2 + 4kT/R

2002
w iy

I

AT
v ~ )
[ w' [ ha

aKTCt Y

o) ] . o= © -
| :u‘/m“ - I + \.x/m‘(]‘ - N ' )

[JIHH)HILPIM ! 1 + VI']/VC ,I

—

(7, 24, 29, 78, =0, 102, 173, 174, 179, 180, 197, 229-231, 239, 256, 314,
327-329, 386).

OPTIMUM DESTGN OF AN UPTOACOUSTIC SPECTROMETER
TO DETECT HYORAZINE FULLS

In designing an optoacoustic spectrometer, the optimum design will depend
on the purpose of the system, The ultimate sensitivity of the system for
detectinyg minute amounts of an absorber gdas will be deteritined predominantly by
the following six factors:

a. the smallest absorbed power detectable by the microphone-
preanplifier systen,

b. the power density ot the irradiating laser beamn,

¢. the signal caused hy scattering and subsequent ahsorption of the
incident laser bheaw by the microphone,

d. the absorption cross section of the molecule to be detected, and

e, the signal caused by unwanted absorption by other qgas constitu-
ents (present in the environment) from which a sample is drawn
for analysis.

Factors d dand e dre influenced by judicious selection ot the absorption tre-
guencies, This selection process requires a gudantity of ddta about absorption
spectra, laser frequencies, and possible intertering ugases. The first three
factors (a-c) can be optimized by employing several ot the equations already
developed in the previous section of this report ("Acoustic Signal Detection').
The following paragraphs present an outline that can be used tor designing an
optoacoustic yas spectrometer tor a specific purpose.

Assume that the laser source has a fixed beanr power of W watts, and that
the sample cell is small enough and the modulation frequency low enough that the
approximations made to derive Equations 60 and 64 dre valid. The ultiuate sys-
tem design godl 1s to dchieve the greatest possible absorption sensitivity (max-
imize the signal-to-noise ratio). The laser nodulation frequency (w), the
dimensions of the sample cell, and the wicrophone design are the pardmeters that
can readily be adjusted,




For simplicity, assume initially that the microphone preamplifier noise is
insignifica * compared to the combined noise of the entire system., Thus, the
signal-to-noi1se ratio can be calculated from Equations 60 and 64 to yield:

signa’ (v - l)2 SLAm 2 mem a’ W’
{ ;- (—) | )

noise 4kTw’ v K Af
C m

(72)

The factor (y - l)/ can be increased in some situations by selecting a
monatomic gas such as helium or argon, rather than nitrogen or air, to dilute
the sample to be measured. However, in the ~ase where the hydrazine fuels dre
diluted in air, y is not adjustable. The factor ¢7 in the denominator suggests
operating the system at as low a temperdture as possible. Unfortunately,
condensation may prevent lowering T very much,

The factor (zAm/VC)J can be regarded as a coupling coefficient between the
microphone and the sample cell. This factor becomes large when a large area
microphone and a small cross-section cell are used. For example, if the sample
cell is a cylinder having length 2 and a cross-sectional area Ac, the volume is
Ve = 2A; and the factor (2An/Ve)® equals (Ag/Ac)®. To maximize this factor,
the smallest possible cross-sectional area is selected. This area, however, is
influenced by the requirement to focus the laser beam into the container. For
example, if the laser beam is of wavelength A and operating in the lowest order
transverse mode, then the minimum beam diameter at the ends of the gas container
is achieved when the beam confocal parameter equals the cell Tength (79). The
resultant beam radius (w) at the input and output windows is:

W= (xz/n)l/A (73)

The beam radius (w) is the distance from the center of the beam at which the
electric field strength is e”! of its value at the beam center. The intensity
at this point is e of its value at the beam center. Selecting {(w) as the
radius of the cylindrical sample cell allows most of the available laser beam
power to enter the cell. The cell area becomes:

AL = AL (74)
Substituting these rewults into Equation 72 yields:

signal (v - 1)2 Am 2w W

P L L) (75)

noise 4k Tw’ AL s(at)
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Ihi~ equation indicates that the signal-to-noise rdtio Tucreases s the fre-
gquency is reduced.  tquation 7% was derived trom the assumption that w » +(-,
fhus, one nust evaluate Equation 44 to understand the low-frequency dependence
at the signal-to-noise ratio. iquition 54 indicates that the signdal-to-noise
Fatio s andstnn when the frequency 15 very low.  Frdctical cunsiderations, sooh
as 177 norse anoelectronics, make it more realistic to select w = 1. This
choice will reduce the signal-to-noise ratio by o factor of V2 from its 1deal
low-frequency limit,

The preamplifier noice was neiected in the foregoing analyvsis,  When pre-
anpirfier noise s present, optimum system design will denend or the nature of
the preanmplitier noise, The signal amplitude below resonance (fua. 60) indicates
the signal damplitude can be Increased hy selecting a large microphone equivalent
volume, The maxinun signal amplitude is achieved for Vi, » Vp. A design qoal of
Viy = Vg can readily be achieved. At low frequencies, the preamplifier current
and Jonnson noise from the bias resistor are the main noise sources. If the
combined noise from these two noise sources is larger than the microphone fluc-
tuation noise, the signal-tu-noise ratio is independent of frequency. If the
preanplifier voltage noise is sutficiently small, this frequency independence
will be maintained up to the resonant frequency (w,). At this resonance, the
signal-to-noise ratio is enhdanced by a tactor of (. Thus, operating a4t reson-
ance 1s desirable if the preampliifier voltage noise is small and the dominant
noise source is amplitier current noise. 4When this source 1s fluctuation noise,
the signal and noise are 1nc§edsed equdlly by resondance, and the optinun operat-
ing condition remains wr~ 1 *. Under the condition where several nuise sources
contribute, or ’V”d 2 and ’Inal’ are not independent of frequency, the optinun

operating frequency may be difterent trow [%1 or wy (173, 174, I¥0, Z5b).

The purpose ot the following parayraphs is to utilize the absorption spec-
tra data on the hydrazine fuels, manufacturers' equipment specifications, and
the siyniticant equations developed in this report to specity an optudcoustic
spectrometer desiyn to detect the hydrazine fuels,

Laser Wavelength Selection

The most convenient radiation to use in an optoacoustic system is the
infrared (IR). Tnis radiation is absurbed by many pollutants of interest at
wavelengths emitted by commercially available IR lasers, and the ahsorption
dependence on wdavelenyth i1s characteristic of the molecular structure of the
gas. Fortunately the bulk of air (N,,0,, etc.) is almost transparent to ?
radiation (6, 28, 48, 52, 70, 81, 92, 107, 110, 115, 124, 152, 176, 188, 205,
263, 271, 2717, 317, 318, 322, 330, 351, 3h%6, 368, 3069, 383).

The IR absorption spectra ot the hydrazine tuels (hydrazine, MMH, UDMH)
appedr in Figures 4-6, Considering the comercially available asotopic (o,
asers, the hydrazine fuel absorption spectra, and the absorption spectra of the
cotmon dtmwasptierie constituent o that coald be Interferences, an operdting wave-

Ponath range ot 107 Lo TUY e apbears aplomuee (2, 20, 38, »ay 0, 81, 110,

124, Ive, L/in, I8a, 2720, 277, 271, 17, dLd, 327-376, 450, 363, 383, The

sy bvanian Model 9500 sealed-1ine, 1aotopr 10, (L" n‘f;, Howat t lasor sdatisties
thewe reguirenents, The techmical specitications tor " toe laser gre listed in
Table 2; the tunable operating wavelengths, in lavle 3: and the dinensional

specifications, in bigure 7 (324-325).
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TAGLE 2. TECHNICAL CHARACTERISTICS OF LYLVANITA MOULL
950A (J()‘) LALLH

Property Value
Output Wavelength lunable over
(um) 20 wavelenqgths
10,171 = 10,812 pym
Power Qutput Y watts minimum gt

10 or more wavelengths

Mode Pur ity Tt MG
teram Diametor ) nm

te=1 tivlt painty)
Beam Divergence <Gahonrad
(full anyle)

Polarization (t-vector) Vertical
Amplitude Stability 9% long~term
V5% short=term
trequency Stability <30 MHz (1:100);
(Long=Term:  Hours) <O Mhz with Ausiliary Model 750

cooling unit

Frequency stability <BY ki (21 109)
(short=Term: .l sc0)

wavelaon th selectiun Lalibrated In-Cavity
L— Ditfraction srating

Uptical Cavity langth 71 cm
Cooling Requirements 1-4 GHM
Power Requirements 115 volts, 50/60 tiz,

600 watts

Uptical Zavity Mirrors lotal Retlecting Grating
3-metar Radius of Curvature

High voltajge bource Laser Head

Location

Piczoelectric Stack and Fower
Hardware (rciuded Source, Lalibrated Grating,
Current Meter, Flow Switch,
Interlocks, lLaser Head, and
Power Supply

Sizer  Laser Head (ing) 6 x 8 x 33
Powar Supply (ind) 5-1/4 x 14 x 17
. — e ——- ——
weighits Laser fead (1) 35
Power suppty (1 41
; warranty Ioyear, aactading tale ]
‘ Lost (Bec ') $10,4b0 ﬁ

! Cooling Unit Model Ty
} S —

Looling Unit oot $ 1,72
L (e 79)

37
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TAELE 5, SYLVANLIA MOUEL 950A TUNABLE LAUER WAVELfGTHG

(00°1 - 10°0) BAND

Transition Rave!eng?h Gun) ) Dutput (W)
[al] 10,476 3.0
P10 10,495 5.8
bl2 10,514 6.9
P14 10.533 6.9
P16 104552 Te3
Pig 10,571 Te6
P20 10,59 7.8
P22 10612 7.7
P24 tu.b32 745
P26 10,6553 75
P48 10.675 7.0
P30 10,697 b4
P32 10.719 6.5
P34 10.742 5.7
P36 10,765 4.7
P38 10,788 4.3
P4Q 10,812 2]
P42 10,836 241
RO 10.350 1.2
R8 10.335 5,4
R10 10,319 6.7
R12 10.304 7.5
R14 10,269 7e3
Rio 10.275 8.1
R1g 10.261 8.5
R20 10,247 8.4
R22 10,234 8.5
R24 10,220 8.3
R76 10,208 8.4
k28 10,195 7e5
R30 i0.182 bt
K3« 10,171 Dot
K54 10199 4.%

———e b )
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Variable-Speed Chopper

In order to use a continuous wave (CW) laser in an optoacoustic spectrom-
eter, the light entering the sanmple nust be modulated. The light energy can be
frequency or amplitude nodulated. The preferable method 1s to amplitude modu-
late (chop) the laser light. Motor-driven slotted-wheel mechanical choppers
nave been designed for this purpose (37-89, 105, 108, 142, 189, 190, 273, 289).
For this type of system, the actual chopping rate is determined by multiplying
the number of apertures or slats in the rotating wheel by the rotational speed
of the drive moter. To minimize the synchronous bhackground signal caused by a
motor-driven chupper wheel, the wheel must be balanced and vibrationally decou-
pled from the sample cell by means of shock-absorbing mounts, In addition, the
chopper and sampl. cell should be spaced as far apart as possible; this step
usually involves placing the chopper wheel near the laser exit window. Also
desirable is iinimizing the rotational velocity of the wheel by using a maximum
number ot apertures. McClelland and Kniseley have suggested the use of a solid
chopper wheel (no slots) to reduce a.oustic emission (206-208). Such a wheel
could, fur example, be made hy depositing or photo-etching a metallic film pat-
tern ontv a fuset silica disc.

fiscillatory devices, such as a tuning-fork chopper or a galvanometer-driven
mirror-vane, can also be used tor modulating the laser eneryy. However, such
devices are usua'ly limited ir frequency and/or aperture,

Mechdanical chopping can be avoided altogether if a pulsed laser is used. A k
brief investigation of this approach, however, revealed no commercial source
with an acceptable combintation of pulse energy and lifetime.

The mechani._al variable-speed light-chopper suitable for this task is the
Princeton Apnlied Research Model 192 Variable Speed Light Chopper. This unit
has a variable chupping rate ranging from 5 to 5500 cycles/sec (iz) (190, 278).
Integrated circuitry provides dual reference signals (0 - 5 volt peak square
waves) dat chopping rates suitable for synchronizing the reference channels of
the lock-in amplifiers that will be used in this optoacoustic spectrometer
design. A brushioss direct-current drive motor eliminates electrical noise
caused by commutator arcing, and wminimizes increases in operating temperature.
Maximur temperature rise for this type of motor in continuous operation is less
than 10°C, a characteristic especially important in IR work where warmer chop-
ping blades act as an extraneous noise source. A shock-mounting plate provides
mechanical isolation between the chopper motor assembly and the work surface.

Microphone and Preamplifier

The pressure oscillation amplitudes in a sample cell can be detected with
various transducers, including condenser, electret, and piezoelectric micro-
phones (7, 20, 29, 34, 35, 39, 54, 55, 68, 77, /%, 80, 81, 96-98, 102, 114, 113,
143, 150, 1572, 160, 173, 174, 179, 180, 198, 203, 204, 208, 212, 218, 214, 230,
231, 240, 256, 2457, 264, 280, 28/, 30v, 313, 327-2329, 339, 343). The condenser
micropnone is the most sensitive and possess2s a flat frequency response in the
snodulation frequency rdange of interes? for optoacoustic spectroscony,
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Variabile-speed Chopper

In order to use a centinuous wave (CW) ltdaser in an optodcoustic spectrom-
eter, the light entering the sanple wust be modulated. The light energy can be
frequency or amplitude nodulated. The pretferable nethod s to amplitude modu-
ldate (chop) the laser light, Motor-driven slotted-wheel mechanical choppers
nave been designed for this purpose (3/-%Y, 105, 108, 142, 189, 190, 273, 289).
For this type ot system, the actual chopping rate is determined by aultinlying
the number of apertures or slots iIn the rotating wheel by the rotational speed
of the drive motcer. To winimize the synchronous background siqnal caused by 4
motor-driven chopper wheel, the wheel umust be balanced and vibretionally decou-
pled from the sample cell by means of shock-absorbing rounts. In addition, the
chopper and samiple cell should be spaced as far apart 4as possibhle; this step
usually 1nvolves placing the chopper wheel near the lgser exit window. Also
desirable is imnimizing the rotational velncity of the wheel by using a wmaximun
number ot apertures. McClelland and Kniseley have sugygested the use of a solid
chopper wheel (no slots) to reduce aoustic emission (206-208}. Such g wheel
could, for example, be imade hy depositing or photo-etching a metallic film pat-
tern onto a fuset silica disc.

fiIscillatory devices, such das a tuning-fork chopper or a galvanometer-driven
mwirror-vane, can also be used feor modulating the laser energy. However, such
devices are usua'ly limited in frequency and/or aperture,

Mechanical chopping can be avoided altogether if a pulsed laser is used. A
brief investigation of this approdch, however, revealed no comnercial source
with an acceptable combination of pulse energy and lifetime.

The mechani.al variable-speed Tight-chopper suitable for this task is the
Princeton Applied Research Model 192 Variable Speed Light Chopper., This unit
has a vdriabiv chupping rate ranging from 5 to 5500 cycles/sec (ilz) (190, 273).
Integrated circuitry provides dual reference signals (0 - 5 volt peak square
waves) at chopping rates suitable for synchronizing the reference channels of
the lock-in anplifiers that will be used in this optoacoustic spectrometer
design, A brushiess direct-current drive motor eliminates electrical noise
caused by commutator ar~ing, and minimizes increases in operating temperature.
Maximum temperature rise for this type of motor in continuous operation is less
than 10°C, a characteristic especially important in IR work where warmer chop-
ping blades act as an extraneous noise source. A shock-mounting plate provides
mechanical isolation between the chopper motor assembly and the work surface.

Microphone and Preamulifier

The pressure oscillation amplitudes in a sample cell can be detected with
various transducers, including condenser, electret, and piezoelectric micro-
phones (7, 20, 29, 34, 35, 39, 54, 55, 68, 77, /%, 80, 81, 96-98, 102, 114, 113,
143, 150, 152, 160, 173, 174, 179, 180, 198, 203, 204, 208, 212, 218, 214, 230,
231, 240, 256, 257, 264, 280, 287, 304, 313, 327-229, 339, 343). The condensor
wicrophone is the most sensitive and possessas a tlat frequency response in the
modulation frequency range of interest for optoacoustic spectroscony.
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Tne most sensitive microphone-produplitier conbination rgentitred from Coo-
mercial sources is the Bruel & Kjaer Hodel 3134 air condenser microphone and
odel 2619 low-noise preamplifier (b3, 109, 214, 218, 219, 339). The important
technical chardcteristics ot the microphone and preamplifier are surmarized in
Tanles 4 and b5, respectively (63, 109, 213, 2is, 219, 339).

lLaser Power Moter

o laser power meter is employed as a reference detector in the optnacoustic
spectrometer shown in Figure 1. The use of this meter permits the optoacoustic
s1ynal to be normalized; and, das a result, temporal effects of laser power vari- :
ations are eliminated (290). The instrument most suitable for this application 1
is a thermopile detector (Model 210), manutactured by Coherent Radiation {Ird),
The technical specifications fur this power meter are suciidrized 1n Tahle 6
| (184).

Lock~In Amplitier

The lock~in amplifier is one of the post common and effective instruments
designed to measure extremely weak signal intensities in the presence ot nuise
{1, 2, 24, 41, 44, 46, 62, 63, b6, 07, 14, 80, YU, Y3, 99, 120, 131, 172, 140,
225, 230, 231, 243, 244, 273, 286, 302, 314, 337, 349, 350, 364, 385). In prin-
ciple, they operate as extremely narrow-band detectors. A medsuresient in which
da lock-in amplifier is utilized involves three main operations: anplitude iodu-
lation (AM) of a carrier wave with the desired siygynal information; selective
amplitication; and synchronous AM demodulation. The AM step is implemented at
some specific point in the experimental systen (e.g., chopping of laser light);
and the lock-in amplifier performs the last two processing steps (1, 24, 41, 44,
46, 62, 63, 66, 74, YU, Y3, 99, 120, 131, 225, 243, 244, 337, 349, 35u).

The key step 1n a lock-in aaplifier neasurement (the step which gives tne
technique 1ts nase) 1S synchronous AM dewodulation.  Synchronous denodulation
involves nultipiication ot the nodulated carrier wave by a reference sianai
(chopper refterence signal) which has exactly the same frequency as the carrier
wave and 1s phase~-locked to the carrier wave at zero deqgrees phase shift.
Demodulation is completed by integrating the output of the rwultiplication step;
this process can be accomplished using a low-pass filter,

A block diagram of a conventional lock-in arplifier is shown in Figure 8,

Two input channels are provided: one to process the signal to be measured (am-

plitude modulated carrier); and one to process the reference signal. In almost

all lock-1n amplifier optoacoustic spectroscopy systems, the phase-lock refer-

pnce signal s implemented by chopping the light beam with a mechanical chopper.

The reference signal is then phase-locked to the carrier frequency, but is not,

in qgeneral, locked at a zero degrees phase ditferential. Thus, a phase shifter
; 15> required in order that the relative phase of the reference signal can be
adjusted with respect to the carrier signal. The comparator in the reference
channe] converts the reterence to a4 hipolar square wave before this waveform 1s
applied to the four-guadrant multiplier. Selective or tuned amplifiers are also
mncluded in each channel, and dre used to exclude broad-band and discrete noise
At the desired signal frequencies,  The four-quadrant multiplier generates q

AT A B e ¢




oA MOt L 4144

Frequency esponse
Ghiaracterastic

P L L A R S L AP W1 P R P
) T AT
ruperty
e e e ]

b - e — e ———

value

renssar e
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Responsee  Hlat wittn
P2 ok (A LGS o)

Zoty B2t 8 K12z

—
Nomina! Uil ameter T oing

Upen circuit Jistortion

Limit (3%) 98 re 20 pPa >148

fomperature Loetticients

be tween -50°C and w8

+ UL (dh/°0)

txpected wong=
Term .tonility

(at 235°0)

Diaphragm Lapping
N - sec - u*

(extr g, o otay) 4 vat T LLY L) e tioar W/l
ntigene: st LTatig “e
Hressure (dri/ate)
e - —
Infigence -t viuration
(1 4 in axial girectiv) B
ar re JU pyra
Inttuence of Relative
rumidity <Le' db
Hoight of Lartridge:
without protecting yrid; 17 =mm
with protecting grid [V
Uiameter of Cartridye:
without protecting yrid,; 23477
with protecting grid 23,77 mr
Thread tor protectior jria
or couplur mounting 2310 mm o= b7 NSY
- 4
Thread *or preamplifier
mounting I PR VIR
e B o
Liaphragm Mass (kj) | fed, = a0
Lrapnragm Sproipyg .
tonstant (N=a"") Sebd n i

Microphone,tquival ant

Volume (cm’) 0,15
Open Circuit \ ) 2
Sensitivity (V=N"*-u™") Y ox 107

High=trequency
Capacitance (F)

v
44 ~ U™

Mechanical Juatity tactor

Bias Voltage (V)

00

Listance between Diaphragm and

Back Plate of Condenser (m) 2% v
Microphynu Liaphragm “
Area (m™) Te9e x 10”
Microphone Resonant

frequancy (Hz2) 8a.34 £ ')
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TAGLE Yo TEUMNICAL CHARACTLRILTICY OF Bobl & WJAER M0DEL L0119

PREAMPLIFIHES AND MOUDEL 2804 PUWER LuiPLY

MODEL 210 LASER POWER ML TLR

rropert, Value
COMBr DUy T 120V/2 mA 28V/GeY mA
H Heater Gv/6U mA
. Polarization veltaye Transmi Y';"J-l] through preamplitier to
microphoune cartridge from power
supply
tnput A‘m;.uudn«Tw >10 W/ /0.8 pt >Tov/ /1 pb
Jutput impedance <Y <70 82
Maximum Cutput current 15 mA peak U.H mA peak
Pulse Rise Time Ue2 ps 0.2 s
Pulse Decay Time 0.6 us Ua 6 s
Temperature Range ~20° to + 60°C -20° to + 60°C
(-4° to + 140°F) (-4° to + 140°F)
At tenuation <U.03 db <0,1 aB
(Preamplifier alone)
Preanplifier Noise (dummy microphone)
{Lin, 20 Hz to 200 kKHz and A-weighted)
6U pF (1 in. microphone) <15 v <2,5 uv
17 ¢F (1/2 in.  microphone) <25 v <4,5 uv
6 pt (1/4 in. microphone) <L0 Py <15 pv
S0 pk (1/8 ine microptene) <70 puv <Z2H uv
Dimensions:  Lhameter: 12e7 mm (UeS ing)
Length: 85 mm (3.2% ind)
wable Lenygth 2 m (6.6 t1)
TABLE 6. TEUHNICAL CHARACTERISTICS GF COHERENT KAUTAT(UN

Progur?x

Value

Praoce (Doc 19)

Detector Thermopile
Spectrat tange {(jm) 0.% - 30
Maximum Power Capacity (watts) 10

Rine Time (soc) !
Accuracy (per cent) P )
Active etector Area (mm‘)') 1.81

$1,200




Stynal Selective Vour Quadrant Low Fass ’Hut ot
Input Amplitier Multiplier Friter Stqnal

Reterence Selective Phase
Input Ampbrfaer } Shattes Congrar dteon

Fiqure 8, Conventional lock-in aplifier Hlock draqgrain.

product of the phase-compensated carcier and reforence signals.  This multipli-
cation process produces the desired intoration 1n a hand ot freguencies about
the zero freguency conmponent, Demodulation of ftne desired signal is completed
hy integrating the output of the multinlication process using 4 low-pass filter,

Several commercially available lock-1n amplifiers are suitable for proces-
sing optodcoustic spectroscopy signals {1, 87, 82, 89, 90, 93, 138, 139, 140,
141, 142, 143, 249, 255, 280, 281, 331, 332, 341, 349, 350). These are, in gen-
eral, complete processing systens and are very tlexible in their application.
Most of these systeis merely reguire « Jdirect connection to a suitable trans-
ducer (condenser microphone/preanplitier) and reference signal {mechanical chop-
pery. A strip-chart recorder connected to the lock-in amplitier's output is
convenient {or producing a permanent record of the processed infurmation, The
most versatile lock-in amplifier for this optoacoustic spectrometer application
is the Princoton Applied Research Corporation (PARC) Model 124A with plug-in
preamplitier Model 117 (40, 93, 193, 24y, 280, 281, 331, 332, 341, 350). A sum-
mdry of the technical characteristics for this lock-in amplitier and preampli-
tier covibination appears in Table /7 (90, 93, 193, 249, 2820, 281, 331, 3372, 341,
350).

Ratiometer

Compensation and normalization of laser beam temporal intensity fluctua-
tions and phase changes can be accomplished using the contiguration of lTuck-in
amplitiers and rdatiometer shown 1in Figure 1. (The function of the lock-in
amplitiers has been discussed in the foreqoing section.) Normalization of the
two lock-in anplifier output signals can be accomplished with several commer-
cially available instruments (144, 249, 290, 231, 332). The ratiometer most
suitable for this optoacoustic spectrometer design is the Princeton Applied
Research Corporation (PARC) Model 148 Precision Digital Ratiometer (249, 331,
332). The electrical output characteristics of this ratiometer are compatible
with must laboratory strip-chart recorders., A swumnary of the technical specifi-
cations for the Model 188 rdattometer is presented in Table 8 (249, 331, 332).




TABLE 7. TECHNIUAL CHARALCTERISTICS ©F PRINCLION At
RESEAKRCH CURPORATION MODEL 124A LUUK-IN
AMPLIFIER AND MODEL 117 PREAMPLIEIER

Property Value
V3
Frequency Range (HZz) 2-210x10
— . . —— ]

Maximum full-5cale Sensitivity (nanovolts) 100
Time Constant 1 miltlisecond - 300 sec

(6-12 dB/octave)
Signal Channei: Modes of Filtering and Modes: Notch, Flat, Hi;h-Pass,
Input Impedance (Z;,) Low-Pass, and Bandpass.

¢ = 1-100 with 10 per cent

Equivalent Noise Bandwidth

Zi, = 100 megohms shunted by
26 picotarad capacitance

Reference Channel Modes lntfernal Voltaje Controtlea
Oscillator

CGutput Stability (> in 24-hour period) 15 ppm

Calibration Level 20 nanovolts to 100 millivo!ts
in 21 levels

>0.5 per cent (1 microvolt to
190 miltivolts)

1 per cent (20 nanovolits to
500 nanovolts)

Price (with preamplitier) (Jec 79) $4,785

Sample Cell Nesign

In designing an optoacoustic system, the optinum confiquration depends on
the specific application. The equations presented in the preceding section of
this review can be used to design an optoacoustic spectrometer to measure the
hydrazine fuels.

This design will use a nonresonant, single-pass sample cell; and the micro-
phone will he coupled directly to the gas container. The microphone and pre-
amplitier technical characteristics appear in Tables 4 and 5 (68, 109, 214, 214,
219, 339). The laser will be operated at a wavelength of 10.312 uwm. For sin-
plicity, the sample cell and microphone equivalent volunes dare assumed cqgudl
(Vi = Vi)

Thus the radius and length of dan optimally desiyned nonresonant single-pdass
~ell can be calculated trom Equations /3 and 74:

1/2
)

=
|

(Vm/A 11.78 cn (76)

1/2
)

X
"

(V, /e = 6.366 x 107% cm (77)
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TARLE ¢, TECHNTCAL CHARACTERISTICS OF PRINCETON AVPLIED
RESEARCH MODEL 188 RECISTON DICTTAL RATIOMETE I

R
Property Value
features «4-1/2 Digit Disptay

eXatio (A/B)

sLog Katio (I1ng A/8)
eDirect input Display of
channe! A or B

e oy ot Direct Input
(log A Hr B)

input sensitivity

10 volts full scate tor
Channel A or 8

Input Coupling

Direct current coupled

tnput Impedance

SO ki bohms

Maximum Input Voltaye

> 1V volts full scale

Input Jftset Vultage

> Y microvolts per

degroee Centijrade

Accuracy

> 0.3 per cent average

Qutputs

e(Jirect Ratio OQutput: 10 volits
full scale

¢Log dutput: 1 volt per decade

*Qutput Impedance: 1 kilohm

«Output otfset voltage: 100 micro-

volts per degree Centigrade

Cost (Dec 1979)

$1,740




Tne thermal damping time (27) can be calculated by equating it to the regipro-
cal of the frequency at which & (given by Eg. 3/ is equal to the container
radius:

- 2 /
T o pr/ZK (/4)

Substituting the values for air at STP [pg = 1.29 x 1073 gmecem™3, Cp = 0.24 cal
(ym + deg)™*, and k = 5.48 x 107> cal (cmesec - deg) '] yields:

1y = L.145 x 1072 sec (79)

The noise equivalent power (NEP) can be calculated from Equation 47. Since the
effective spring constant is doubled when the microphone is coupled to the gas

container, it follows that w, Q, = 2 oy, Q. The optimum wodulation frequency

1s w = r}l. For the speed of light (¢ = 3.31 x 10% cm . sec'l) and y = 1,403,

Equation 47 yields:

172

NEP = 3.6 x 107%! W/ (Hz) (R0)

Since the absorbed power is (W<2), the minimum detectable absorption (upin) Ts:

1/2

= 3,06 x 1072 W/Lcme(Hz) 7] (81)

[\ S
min

The values of the electrical circuit elements in the equivalent circuit of
Figure 2 can be cdlculated using the data from Tables 4 and 5. Substituting
into Equation 65 yields:

c /C' = 8.7 (82)

Theretfore,

C' = 5.1 x 107*2 tarads (33)

When the microphone is coupled to the sample cell, the spring constant is
doubled and the series capacitance (C') for the eyuivalent circuit is given by

41




( - \

substitution into Equation 68, where Vg is in volts and py is in dynes-per-
square centimeter. Thus,

Vg = 4.4 x 1077 b, (84)

The values of the inductance (L) and resistance (R) are given by substitution
into tyudations 66 and 6/. Thus,

—
i}

71 henries (85)

4,63 x 10° ohms (86)

=
1

The Johnson noise voltage generated by this resistor (R) is:

172
)

(4kTR = 280 nanovolts/(HZ)l/z (87)

Combining Equations 84 and 87 yields the equivalent noise pressure:

— 1/2 , (88)
2 -5 2 172
(p noise) = 6 x 107° dyne » cm“/(Hz)

If the frequency is well below resonance {w << w,), the voltage given by Equa-
tion 88 appears as a voltage at the input terminals of the preamplifier:

172

> 1/2
(Vnm) = 29 nanovolts/(Hz) (89)

[n order for the preamplifier not to be the limiting noise source, the amplifier
voltage and current noise must be small compared to this value, that is:

1/72

('Vnalz)l/z < 29 nanovolts/(Hz) (90)
/2 172 - i/
('I“dlz]l “Cw C, (‘Vnmlzl 740 107'® amperes/(Hz)'’* (91)




Assuming that the current noise is produced by shot noise in the leakage current
of the input field-effect transistor (FET) of the preamplifier, the leakage cur-
rent, Ip, is restricted to:

-9
<

Ig < 0.06 x 107*% amperes (92)

The results of the foreqoing calculations are summarized in Table 9. The sample
cell for a hydrazine fuel optoacoustic spectrometer is shown in Figure 9. A
schematic of the optoacoustic system shows the integration of all components
specified in this analysis (Fig. 10). The relative equipment costs are summa-
rized in Table 10.

CONCLUSION

This analysis has presented the basic theory of optoacoustic spectroscopy
oriented toward designing a specific system to measure the hydrazine fuels, The
fundamental goal in designing this system has been to measure absorption with
the greatest possible sensitivity and, thus, maximize the signal-to-noise ratio,
In this analysis, all vital components have been selected from commerc:ally
available sources and integrated into a system design.

A word of caution is due, however, because only the fundamental sources of
noise have been considered. In any real system, additional noise sources may
further degrade performance. Some commonly encountered problems are extraneous
acoustic noise, vibration-induced noise, and unwanted signals generated by
absorption of laser beam enerqgy by sample cell walls and windows. To fine-tune
a specific system, each of these practical problems would have to be resolved.
For such purposes, experimentation has yielded the best results in the past, and
would be expected to do so in the future.‘
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TABLE 9. SUMMARY OF OPTIMUM DESIGN PARAMETERS FOR A HYDRAZINE FUEL

OPTOACOUSTIC SPECTROMETER

(' .

<4

Parameter Value
Sample Cell Optical Path Length (&) 11,78 cm
-2

Radius of Sample Cell (w)

6.366 x 10 cm

Zero=Urder Mode Damping Time (T)

1.145 x ‘0_2 sec

Noise Equivalent Power (NEP) 3.6 x I()'11 W/(Hz)“2
L . . -12 172
Minimum Detectable Absorption {(Qy;q) 3 x 10 W/ [cme (Hz) |
. -2 2
Siynal Source Voltaye (Vg/P.) 4.4 x 107" V/(dynescm”)
Microphone Series Kesonant Capacitance (C!') Sel x 10‘12 tarads
Microphone Series Resonant Inductance (L) 71 Henries

Microphone Series Resonant Resistance (R)

4,68 x 106 ohms

tquivalent Noise Diaphragm Pressure (Pn2)1/2

6 x 10'6 dyn/lsz'(Hz)

1/2

Noise Voltage at Preamplifier Input Resulting
from Thermal Flucffafion in Microphone and
sampte Coll (Vpm2)!/?

29 nanovolts/ (Hz) 172

2
Amplifier Noise Voltage (Upper Limit) (Vﬁa)l/z

<29 nanovolts/ (Hz) 172

Amplifier Current Noise (Upper Limit) (1%6)1/2

<071 amperes/ (Hz) 172

FET Cate Leakaye Current (Upper Limit) (Il)

< 0.06 x 10"12 amperes
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Figure 9. Nonresonant single-pass sample cell design.
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TABE 10 KELATIvE wrdumseun T srfecTwuMETebe Lot 2 L osty
S —
LOST
Lomponen't (1979)

L;OZ Laser and Power Supply $16,480
(Sylvania Mode! 950A)

Uy Laser Luoling unit $ 1,725
(>ylvania Model 750)

Variable Speed Chopper $ 1,850
(PARC Moael 192)

Microphone $ 505
(Bruel & Kjaer Model 4144)

Microphone Preamptitier and Power >upply $ 1,173
{Brue!l & Kjaer Models 2619 & 2804)

Laser Power Meter § 1,000
voherent kadiation Madel 210)

o T

Lock=1n Ampiliticr Yoy,
(FAC Moael 124A; 2 Required)

Hatiom:ter § 1,74
(PARLC *toge! 108)

Sampie cell b 400
(JLAL LAM Shop 4 Tlaterials)

NET LOTIMATE (Lec 1979) $34,6453




REFERENCES

L. A conparison ot modern tock-an amplitiers,  Bulletin [S-Ulh,  Ithden
Incorporated, lthaca, N.Y., 19749,

2. A practical photumetric/radionetr~ic conversion method.  Application note
L2009C-2. Princeton Applied Research Corpordtion, Princeton, N.d.,
1979,

3. Aawodt, 1. T., and J. C. Murphy. Photoacoustic spectroscopy of ruby pow- :
] der samples.  Bull Aa Phys Soc 21:423 (1976). §

4, Aanodt, L. C., Jd. C. Murphy, and J. G. Parker. Size considerations in the
desiygn of cells for photoacoustic spectroscopy. J Appl Phys 4::927
(1a7n).

5., Abrams, R. L., A, Yariv, and P, A, Yeh, Stark-induced three-wave :ixinaq
in molecilar gases--part !: Theory. ItEE J Quantum Elec QE-13:/9
(1977)
4 .

h. Adamowicz, R. F,, and K. P. Koo. Chardcteristics of a photoacoustic air
pollution detector at CO, laser frequencies. Appl Opt 13:2938 (14979},

7. Adaus, M. J., A. A, King, and G. F. Kirkbright., Analytical optodcousti-
spectrometry, part I. Instrunent assembly and performance characteris-
tics. Analyst 101:73 (1976).

8. Adams, M. J., B. C. Beadle, A. A, King, and G. F. Kirkbright. Analytical
optoacoustic spectrometry, part [[. Ultraviolet and visible optoacous-
tic spectra of souwe inoryanic biochemical and phytochemical sanples.
Analyst 101:553 (197b).

9, Adawms, M. J., B, C. Beadle, and G. F. Kirkbright. Analytical optoacoustic
spectrometry, part IV. A double-bean optoacoustic spectrometer for use
with solid and Tiquid samples in the ultraviolet, visible, and near-
infrared regions of the spectrum. Analyst 102:569 (197/).

1o, Adaas, M. J., B, C. Beadle, G. F. Kirkbright, and K. R. Menon. Optoacous-
tic spectrometry of surfaces: dielectric coatings for Taser mirrors.
Appl Spectrosc 32:430 (1973), H

1. Adams, M. J., B. C. Beadle, and G. f. Kirkbright. Optoacoustic spectrom-
etry in the near infrared region. Anal Chem 50:13/1 (14/8).

12, Adams, M, J., and G, F, Kirkbright. Analytical optovacoustic spectrometry,
part I11. The optoacoustic effect and thermal diffusivity. Analyst
102:281 (1977).

13. Adams, M, J., and G. F. Kirkbright. Phase analysis in solid sample sped-
truoscopy. Spectroscopy Lett 9:255 (1976).

14, Adams, M. J., and G, F., Kirkbright., Thermal diffusivity and thickness
measurenents for solid samples utilizing the optoacoustic etffect.
Analyst 102:678 (1977).




RSN

15.

lb.

19.

20.

21.

22.

23.

24.

25,

26.

27.

29.

30.

Adams, M. J., J. G. Highfield, and G. F, Kirkbrigyht. fetermination of
absolute quantum efficiency of quinine bisulfate in aqueous wediun by
optoacoustic spectrometry. Anal Chem 49:1850 (1977).

Afromowitz, M. A., P. S. Yeh, and S, Yee. Photoacoustic reasurenents of
spatially varying optical absorption in solids: a theoretical treat-
ment. J Appl Phys 48:209 (1977).

Agyarwal, R. L., B. Lax, and G. Favrot. Noncollinear phase mdtching in
GaAs. Appl Phys Lett 22:329 (1973).

Aggarwal, R. L., N. Lee, and B. Lax. Tunable lasers and applications.
New York: Springer-Verlag, 1976.

Allen, J. W., R. M. MacFarlane, and R, L. White. Magnetic splittings in
the optical absorption spectrum of Cr,0,. Phys Rev 179:524 (196Y).

Amer, N. M. Method and apparatus for improved optoacoustic spectroscopy.
Patent Application, filed 28 Apr 1978, 16 pp. (Available NTIS,
PAT-APPL-901048/ST)

Angus, A. M., E. E. Marinero, and M. J. Colles. Optoacoustic spectroscopy
with a visible CW dye laser. Optics Commun 14:223 (1975).

Aoki, T, Polarity of an acoustic wave produced by a switched €0, laser,
Jap J Appl Phys 9:1426 (1970).

Aoki, T., and M. Katayama. Impulsive optoacoustic effect of CU,, Sk,
and NH; molecules. Jap J Appl Phys 10:1303 (1971).

Arsenault, H. H., and P. Marmet. Comparison of technigues for extracting
signals fram a strong background. Rev Sci Instrum 48:512 (1977).

Bagrataslivili, V. N., V. P. Zharov, and V. V. Lobko. Multiple photon
excitation of polyatomic molecules from the many rotational states by
an intense pulse of [R radiation. Soviet J Quantum £lectronics B8:366
(1978).

Bates, R. D., G. W. Flynn, and J. T. Knudtson. Llaser-induced 16 micron
fluorescence in SFg: acoustic effects. J Chem Phys 53:3621 (1970).

Bauer, H. J. The optoacoustic effect in rultilevel systems. J Chenm Phys
57:3130 (1972).

Beck, R., W. Englisch, and K. Gurs. Table of laser lines in gases and
vapors, Berlin: Springer-Verlay, 197%.

Becking, A. G., and A. Radenokers. Noise in condenser microphones.
Acustica 4:96 (1954),

Bell, A. G. On the production and reproduction of sound by 1ight.
American J of Sci (Third Series) 20:305 (1880).




31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

a5,

46.

Bell, A, G. Production and reproduction of sound by light. Proc Am Assoc
Adv Sci 29:115 (1880).

Bell, A. G. Upon the production of sound by radiant energy. Phil Mag
11:50 (1881).

Bennett, H. S., and R. A. Forman. Absorption coefficients in highly
transparent solids: barothermal theory. Appl Opt 14:3031 (1975).

Bennett, H. S., and R. A. Forman. Absorption coefficients of highly
transparent solids: photoacoustic theory for cylindrical configura-
tions. Appl Opt 15:1313 (1976).

Bennett, H. S., and R. A. Forman. Absorption coefficients of weakly ab-
sorbing solids: theory of a barothermal gas cell. Appl Optics 15:347
(1976).

Bennett, H. S., and R. A, Forman. Frequency dependence of photoacoustic
spectroscopy: surface and bulk absorption coefficients., J Appl Phys
48:1432 (1977).

Bennett, H. S., and R. A. Forman. Measuring absorption coefficients of
highly transparent solids by photoacoustic methods: «cylindrical con-
figurations. NTIS PB253542 (1976).

Bennett, H. S., and R. A. Forman. Photoacoustic methods for measuring
surface and bulk absorption in highly transparent materials. Appl Opt
15:2405 (1976).

Bennett, H. S., and R. A, Forman. Photoacoustic spectroscopy: a measure-
ment technique for low absorption coefficients. Appl Opt 16:2834
(1977).

Bennett, W. K. tlectrical noise. New York: McGraw-Hill, 1960.

Blair, N, P., and P, H. Sydenham. Phase sensitive detection as a means to
recover signals buried in noise. J Phys E Sci Instrum 8:621 (1975).
(Now: J Phys [E])

Blank, R. E., and T. D. Wakefield. Double-beam photoacoustic spectrometer
for use in the ultraviolet, visible, and near-infrared spectral
regions. Anal Chem 51:50 (1979).

Bonczyk, P. A,, and C. J. Ultee. Nitric oxide detection by use of the
Zeeman-effect and CO laser. Optics Commun 6:196 (1972).

Bond, A. M., and U. S. Flego. Measurement of higher harmonics with a
lock-in amplifier. Anal Chem 47:2321 (1975).

Bridges, V. J., and E. G. Burkhardt. Zeeman spectroscopy of NO with the
magnetospectrophone. Optics Commun 22:248 (1977).

Brower, R. Taking noise out of weak signals. Electronics 41:80 (1968).

50




49,

50.

53.

54.

55.

56.

57.

58.

59.

60.

bl.

62.

nrce, Co We, Boe Z. Sogka, M. 4. Hurd, W. R, Watkins, k. ... White, ana [/,
Derzko., Application of pulsed-source spectrophone to absorpiic by
nethane at DF laser wavelengths, Appl Opt 15:2970 (1y/76).

Bruce, . W., and R. G. Pinpick. [In sttu measurenents of dervsol dabsorp-
tion with a resonant CW laser spectrophone. Appl Opt 16:1762 (14/7.

Busse, G., and 8., Bullemer. Use of the optoacoustic effect for rapid
scan Fourier spectroscopy [. Intrared Phys 14:255 (1978),

Busse, G., and B, Bullemer. Use of the optoacoustic effect for rapia
scan Fourier spectroscopy 1l1. Infrared Phys 13:631 (1978).

Busse, G., and K. F, Renk. l!se of the optoacoustic effect for far-
infrared yas lasers, Infrared Phys 18:517 (19738).

Butler, J. F., K. W, Nill, A, W. Mantz, and R. S. Eng. Applications of
tunable IR spectroscopy to chemical analyses., Proc ACS Symp Series
No. 8YH, 1974,

Cahen, D, Photuvacoustic determination of photovoltai: energy conversion.
Appl Phys Lett 33:810 {1978).

Cahen, D,, and H. Gaty. Sample cells for photoacoustic measurements.
Ana) Chem 51:1865 (1979).

Cahen, D., E. ltzak, and A. Auerbach, Simple setup for single and dif-
ferential photoacoustic spectroscopy. Rev Sci Instr 49:1206 {1978).

Callis, J. B. The colorimetric detection of excited states. J Res Nat
Bur Stand (Sec A) 80:413 (1976).

Castleden, S. L., C. M, Elliott, . F, Kirkbright, and D. £. Spillane,
{jJuantitative examination of thin-layer chromdatography plates by photo-
acoustic spectroscopy. Anal Chem 51:2152 (1979).

Chakerian, C., and M, F. Weisbach. Auplified laser absorption: detection
ot nitric oxide. J Opt Soc An 63:342 (1973).

Chang, T. Y. Accurate frequencies and wavelenyths of (U, laser lines,
Optics Commun 2:77 (1970).

Chappell, W. R., J. Cooper, L. W, Smith, and T, Dillon. <0, laser absorp-
tion coefficients for determining ambient levels of 05, NHy, and C,H,.
J Stat Phys 3:401 (1971).

Chauanwen, C., et al. Photoacoustic spectroscopy measurements, Laser J
10:38 {1979),

Chaykowsky, 1, €., and R, ). Moore. Signal-to-noise considerations in
experimental research, Technical Note T-196. Princeton Applied
Yesearch Corporation, Princeton, N.Jd., 196K,




h3,

64,

65,

bb.

57.

68.

09,

70.

71.

7¢.

73.

/4,

5.

76,

7.

18,

Chaykowsky, 0. C., and R. 1), Moore. Signal-to-noise considerations in
experimental research. Res Develop 19:32 (1968).

Claspy, P. C., Hy Chang, and Y. H, Pao. Optodcoustic detection ot N0,
using a pulsed dye laser. Appl Opt 16:79/2 (1977/).

Claspy, P. €., Y. H. Pao, S. Kwang, and L. Nodov. Laser oploacoustic
detection ot explosive vapors. Appl Opt 15:1500 (19/6).

Cudding, t. G. Lock-in ampliifier based on a synchronously clucked trans-
versal filter. Anal Chem 51:1981 (1979).

Cole, J. B., and R. M, Duffy. Phase sensitive detector and reference qen-
erator for use in third derivative locking ot the trequency of a laser
to a saturated absorption feature., J Phys E Sci Instrum 7:1019
(1974). {Now: J Phys [E])

Condenser microphone cartridges. Product data bulletin 1/-7253. Rruel &
Kjaer Instruments, Naerurm, Denmark, 1979Y.

Cottrell, T. L., [. M, MacFarlane, and A. W. Read. Measurement of vibra-
tional relaxation times by the spectrophone, Trans [arad Soc 63:2093
{1969).

Cottrell, i. L., and J. C. McCoubrey. Molecular eneryy transfer in
gdses. London: Butterworths, 1961.

Crane, R, A. Laser optoacoustic absorption spectra for various explosive
vapors. Appl Opt 17:2097 (1973).

Crowley, T. P., F. R, Faxvog, and N, M, Roessler. Photoacoustic effect
with thermally thin solids. Appl Phys Lett 36:641 (1980).

PDailey, W. V. Proceedings of the annual analytical instrumentation sympo-
siuil,  New York: Plenum Press, 1967,

Janby, P. C. Siygnal recovery using a phase sensitive detector. Elec bkngr
42:36 (1970).

Deaton, T. F., D. A, Depatie, and T. W. Walker. Absorption coefficient
measurements of nitrous oxide and methane at DF laser wavelengths,
Appl Phys Lett 26:300 (1975).

DeGroot, M, S., C. A. kmeiss, 1. A. Hesselman, E. Dreut, and R,
Farenhorst. Study of aldehyde photochemistry with the spectrophone
technique, Chen Phys Lett 17:332 (1972).

Delaney, M, L. The optic-acoustic effect in gases. Sci Progress 47:44%9
(1959).

PeSmet, 1. J., A, J. Jason, and A, C. Parr, Sensor/amplifier for weak
1ight snurces, NASA Technical Brief, MFS-25025, 1479,

5¢

—d




79.

81,

31.

82.

83.

84,

35,

86.

87.

88,

89.

90.

9l.

93.

94,

95.

NDevir, A. D,, and U, P. Oppenheim, line width determination n the
9.4 micron and 10.4 micron bands of C0, using a CU, laser. Appi Opt
$:2121 (1969).

Dewey, C. F. Opto-acoustic spectroscopy. Opt Engr 13:483 (1974).

Dewey, C. F., R, D. Kamm, and C. E. Hackett. Acoustic amplifier for
detection of atmospheric pollutants, Appl Phys lett ?23:633 (1973).

Dickinson, S. K. Infrared laser window materials property data for Zn,
Se, KC1, NaCl, Caf,, SrF,, Bak,. NTIS AFCRL-TR-75-0318, 1975.

Dixon, R. N., D. A. Haner, and C. R, Webster. 0Optoacoustic spectroscopy
with a tunable CW dye laser: forbidden transitions in some unstahle
sulfur compounds. Chem Phys Lett 22:199 (1977).

Nouna, B. S., and T. R. Geballe. Stark cell noise reduction of a €O,
Taser beam. IEEE J Quantum Elec QE-14:391 (1978).

Nuley, W. W. CO, lasers - effects and applications. New York: Academic
Press, 1976.

Eaton, H. E., and J. 0. Stuart. 0Optoacoustic spectrormetry of solid mater-
jals: effect of the filter gas on the observed signal. Analyst
102:531 (1977).

EGAG electro-optics condensed catalog. Princeton Applied Research
Corporation, Princeton, N.J., 1978,

EG&G signal recovery instrumentation condensed catalog {1979-19Rn),
Princeton Applied Research Corporation, Princeton, N.J., 1979,

EG&G siqnal recovery instrumentation domestic (USA) price list.
F181C-10/79-10M-GMI, Princeton Applied Research Corporation, Princeton,
Nod.o, 1979,

Engineering applications of lock-in awplifiers, application note 1306,
Princeton Applied Research Corporation, Princeton, N.J., 1976,

Ernst, M. H. Formal theory of transport coefficients to the general order
in the density of gases. Physics 32:209 (1966).

Evans, L. 8., H. E. Bass, and L. C. Sutherland. Atmospheric absorption
of sound: theoretical predictions. J Acoust Soc Am 51:1%65 (1972).

Explore the lock-in amplifier, Technical Note 115, Princeton Applied
Research Corporation, Princeton, N.J., 1976,

Farrow, 1.. A., and R, F. Richton. A more complete interpretation of opto-
acoustic data taken with fixed-frequency lasers. J Appl Phys 48:4967
(1977).

Farrow, M. M., R. K. Burnham, and F. M, Lyring. Fourier-transform photo-
acoustic spectroscopy. Appl Phys Lett 38:735 (1978).

53




'“""""""""""-lllllllllIlllllll"IIlIII-lIllIllllIllII-------------‘

96. Farrow, M, M., R, K. Burnhan, M. Auzanneau, S. L. Olsen, N. Purdie, and
FE. M, Eyring., Piezoelectric detection of photoacoustic signals. Appl
Opt 17:1093 (19/8).

97. Farrow, M. M., R. K. Burnham, M, Auzanneau, S. L. Olsen, N. Purdie, and
£. M. Lyring. Piezoelectric detection of photoacoustic signals. NTIS
ADO45217, 1977.

98, Fernelius, N. C., and . W. Haas. Resonant photoacoustic cells con-
structed from UHV hardware. Appl Opt 17:3348 (1978).

Y9, Fisher, L. H. Lock-in amplifiers obtain measurements even if there 15
more noise than signal. laser Focus 13:82 (1977).

100, Flynn, i, W. lasers in chemistry. New York: Acadenmic Press, 1974.

10l. Fourier transform comes to photodcoustic spectroscopy. Science 208:167
(1980).

102. Fraim, F. W., and P. V. Murphy. Electrets in miniature microphones. J
Acous Soc Am 53:1601 (1973).

103, freed, C. Sealed-off operation of stable CO lasers. Appl Phys Lett
18:458 (1971).

104. Freed, C., A. H, Ross, and R. G. 0'Donnell. DNetermination of laser line
frequency and vibrational-rotational constants of the 12¢!80,, - c*®0,
and 13 ‘802 isotopes from measurements of CW beat frequencies with
fast HqCdTe photodiodes and microwave frequency counters. J Mol
Spectrosc 49:439 (1974),

105. Frequency programmable variable aperture light chopper. Product bulletin.
Rofin Optics and Electronics, Newton Upper Falls, Mass., 1979.

106. Freund, S. M., and D. M, Sweger. Vinyl chloride detection using carbon
monoxide dand carbon dioxide infrared lasers. Anal Chem 47:930 (1975).

107. Gelbwachs, J, Limitation to optoacoustic detection of atmospheric gases
by water vapor absorption. Appl Opt 13:1005 (1974).

108. General Services Administration, Federal Supply Service, authorized Fed-
eral supply schedule price list. FSC group 66, part 11, section L.
[thaco Incorporated, Ithaca, New York, 1979,

109, General Services Administration, Federal Supply Service, authorized fed-
erdal supply schedule supplemental price list. GSA 79/80-1. DBruel &
Kjaer, Naerum, Denmark, 1979,

110. foldan, P. 0., and K. Goto. Infrared absorption in atmospheric pollut-
ants. J Appl Phys 45:4350 (1974).

t1t. Goldberq, I, W., and R. Yusek. High-resolution inverted lamb-dip spec-
troscopy on Skg. Appl Phys Lett 17:349 (1970).

54




117,

113.

114,

11,

116.

117.

118,

119.

120.

121.

122.

123,

124,

126.

Gorelik, G. A method for studying the time of energy exchangi among the
various degrees of freedom for gaseous molecules. Compt Rend Acad Sci

54:779 (194b).

trabiner, F. R., D. R. Siebert, and G. W. Flynn, Laser-induced time-
dependent thermal sensing studies of vibrational relaxation. Chen Phys

Lett 17:139 (1972).

Gray, 2. £., V. A, Fishman, and Al J. Baard. Siupie sanple cell for exam~
ination ot solids and liquids by photodcoustic spectroscopy. Anal Cheri
49:5697 (1977).

Green, B. 0., and J. I. Stzinfeld. Absorption coefficients for fourteen
gases at CO, laser frequencies., Appl Upt 15:1688 (1976).

Griffiths, P. R., H. J. Sloane, and R. W. Hannah. Interferometers versus
monochromators: separating the optical and digital advantages. Appl
Spectrosc 31:485 (1977).

Hager, R. N., and R. C. Anderson. Theory of the derivative spectrometer.
J Opt Soc Am 9:144 (1970).

Harshbarger, W. R., and M, B, Robin. The optoacoustic revival of an old
technique for molecular spectroscopy. Accounts of Chem Res 6:329

(1973).

Hass, M., J. Davisson, H. Rosenstock, and J. Babiskin. Measurement of
very low absorption coefficients by laser colorinetry. Appl Opt
14:1128 (1975).

Helstrom, C. W. Statistical theory of signal detection. London:
Pergamon Press, 1968,

Hieftje, G. M, Signal-to-noise enhancenent through instrumentdl tech-
nigques. Anal Chem 44:81A (1972).

Hill, D. W., and T. Powell, Non-dispersive infrdred gas analysis. New
York: Plenum Press, 1Y68.

Hindin, H. J. Lead-salt diode operates at roon temperdture, Electronice
53:39 (1980),

Hinkley, L. Do, and P. L. Kelley. Detection of air pollutants with
tunable diode lasers. Science 171:625 (1971).

Hocker, L. U., M. A. Kovacs, . K. Rhodes, 6. W. tlynn, and A, Jddvan.
Vibrational relaxation measurements in Cl), using an induced fluores-
cence technique. Phys Rev Lett 17:233 (1966).

Hordvik, A. Photodcoustic technique for measuring surtace absorption, )
Opt Soc Am 66:1105 (197h),




12/7. Hordvik, A., and H. Schlossberg. An optoacoustic technique for measuring
the optical absorption coetticients in solids. Appl Opt 16:101 (1977).

128. Hordvik, A,, and H. Schlossherq. Optoacoustic technique for measuring the
optical absorption coefficient in solids. J Opt Soc An 65:1165 (1976).

129, Hordvik, A., and L. Skolnik. Photoacoustic measurenents of surface and
bulk absorption in HF/DF laser window materials. Appl Opt 16:2919
(1977).

130. Hordvik, A., H. Schlossbery, H. Miller, and C. Gallagher. An optoacoustic
technique for measuring the optical absorption coefficient in solids.
NT1S AD 563406, RADC-TR-76-70, 1476,

131. Horlick, G., and K. R, Betty. Inexpensive lock-in amplitiers based on
integrated circuit phase-locked loops. Anal Chem 47:363 (1975).

132. Hotta, k., K. Inove, and K. Washio., CLFOS Paper THAA4, Nippon Electric .
Company, Kawasaki, Japan, 19Y78. 5

133. Houghton, A. V., and R. Y. Acton. Optical-acoustic eftects in solid
films, AIAA J 2:120 (1964).

134, Hunter, T. F., D. Rumbles, and M. . Stock. Photophysical processes in
vapor-phase measured by the optoacoustic effect. J Chem Soc (Faraday
I1) 70:1010 (1974).

135. Hursh, D., and T. Kuwana. Photoacoustic and spectrophotometric qualifica-
tion of copper phthalocyanine films. Anal Chem 52:646 (1980).

136. Investigation of the absorption of infrared radiation by atmospheric
gases, Aeronutronic report U-47%4, Philco Ford Corporation, Aero-
nutronic Division, 1971,

13/, Tloli, N., P, Violino, and M. Meucci, A simple transversally excited spec-
trophone. J Phys [E] 12:168 (1979}, [Formerly: J Phys f Sci Instruii]

138, 1thdaco Dynatrac 391A heterodyne lock-in amplifier, Catalogq [PS-108.
Ithaco Incorporated, Ithaca, N.Y., 1979,

139. Ithaco Dynatrac 393 lock-in amplifier. Catalog IPS$S-120. Ithaco Incorpo-
rated, Ithaca, N.Y., 1979,

140, Ithaco Dynatrac 395 lock-in amplifier., Catalog IPS-125. 1thaco Incorpo-
rated, Ithaca, N.Y., 1979,

141. Ithaco Dynatrac 397E0 lock-in amplitier. Catalog IPS-132. Ithaco Incor-
porated, [thaca, N.Y., 1979,

14?7, lthaco instrumentation products. Short form cataloa. Ithacn Ineorpo-
rated, Ithaca, N.Y., 1979,




s e

R it et IR

143.

144,

145.

146,

147,

148,

149,

150.

151,

152.

153.

154,

155.

156,

157.

154,

159,

[thaco low-noise preamplifiers. Catalog IPS-112. [Ithaco Incorporated,
[thaca, N.Y., 1979,

[thaco ratiometer-model 3512, Catalog IPS-111. [Ithaco Incorporated,
Ithaca, N.Y., 1979.

Jacobs, G. B., and H. C, Bowers. £Extension of CO, laser wavelenqth range
with isotopes. J Appl Phys 38:2692 (1967).

Jensen, R. J., and C. P, Robinson. Lasers for industrial chemistry.
Laser Focus 16:54 {1980).

Johnson, J. B. Thermal agitation of electricity in conductors. Phys Rev
32:97 (1928).

Jones, P. F. Laser techniques for analysis of ambient air. Conference on
Sampling and Analysis of Toxic Organics in the Atmosphere, Boulder,
Colo., 5-10 August 1979.

Jones, R. C. The ultimate sensitivity of radiation detectors. J Opt Soc
Am 37:879 (1947j}.

Kaiser, R. On the theory of the spectrophone. Can J Phys 37:1499 (1959).

Kaldor, A., W. B. Olson, and A. G. Maki. Pollution monitor for nitric
oxide: a laser device based on the Zeeman modulation of absorption.
Science 176:508 (1972).

Kamm, R. D. Detection of weakly absorbing gases using a resonant opto-
acoustic method. J Appl Phys 47:3550 (1976).

Kamm, R. D., and C. F, Dewey. Proceedings of the IEEE/QSA Conference on
Laser Engineering Applications, May 30 - June 1 1973, New York, 1973,

Kanstad, S. 0., A. Bjerkestrand, and T. Lund. Tunable dual Tine CO, laser
for atmospheric spectroscopy and pollution monitoring, J Phys £ Sci
Instrum 10:998 (1970). (Now: J Phys {E])

Kanstad, S. 0., and P, £ Nordal. Infrared photoacoustic spectroscopy of
solids and liquids. Infrared Phys 19:413 (1979).

Kavaya, M. J., and J. S. Margolis. Low-noise spectrophone. NASA Techni-
cal Brief, NP0-14362, 1979.

Kavaya, M. J., J. S. Margolis, and M, S. Shumate. Optoacoustic detection
using stark modulation. Appl Opt 18:2602 (1979).

Kaya, K., W. R, Harschbarger, and M, B. Robin., Triplet states of biacetyl
and energy transfer as revealed by optoacoustic spectroscopy. J Chem
Phys 60:4231 (1974).

Kerr, E. L. The alaphone - a method for measuring thin-film absorption at
laser wavelengths., Appl Optics 12:2520 (1973).




—

160.

161.

162.

163.

164.

165.

le6.

167.

168.

169.

170.

171,

172.

173.

174.

175.

176.

Kerr, E. L., and J. G. Atwood. The laser illuminated absorptivity spec-
trophone. Appl Opt 7:915 (1968).

King, A. A., and G. F. Kirkbright. Optoacoustic spectrometry for the
examination of solid and semi-solid samples. Laboratory Practice
25:377 (1976).

Kingston, R. H. Detection of optical and infrared radiation. Berlin:
Springer-Verlaq, 1977.

Kirchoff, G. Uber einflufs der warmeleitung in einem gase auf die
schallbewegung. Ann Phys (Leipzig) 134:177 (1868).

Kisliuk, P., and C. A. Moore. Radiation from the “T, state of Cr’* in
ruby and emerald. Phys Rev 160:307 (1967).

Kittel, C. Elementary statistical physics, part 2. New York: John
Wiley and Sons, 1958,

Knox, J. D., and Y. H, Pao. High resolution saturation spectra of the
iodine isotope 1,129 in the 633nm wavelength region. Appl Phys Lett
18:360 (1971).

Koch, K. P., and W. Lahmann. Optoacoustic detection of sulfur dioxide
below the parts-per-billion level. Appl Phys Lett 32:289 (1978).

Kogan, S. A., S. M. Luchin, and V. [. Sifrov. Valve amplifier for a spec-
trophone. Compt Kend Acad Sci 46:186 (1945).

Kogan, S. A., S. M. Luchin, and V. I. Sifrov. Valve amplifier for a spec-
trophone. Doklady Akad Nauk 46:204 (1945).

Kogelnik, H., and T. Li. Laser beams and resonators. Appl Opt 5:1550
(1966).

Kohanzadeh, Y., J. P, Whinnery, and M. M. Corroll. Thermoelastic waves
generated by laser beams of low power. J Acous Soc Am 57:67 (1975).

Komachi, Y., and S. Tanaka. Lock-in amplifier using a sampled data syn-
chronous filter. J Phys E Sci Instrum 8:967 (1975). [Now: J Phys [E])

Kreuzer, L. B. Laser optoacoustic spectroscopy - a new technique of gds
analysis. Anal Chem 46:235A (1974).

Kreuzer, L. B. Ultralow gas concentration infrared absorption spectros-
copy. J Appl Phys 42:2934 (1971).

Kreuzer, L. B., and C. K. Patel, Nitric oxide air pollution: de*ection
by optoacoustic specroscopy. Science 173:45 (1971).

Kreuzer, L. B., N, B. Kenyon, and C. K. Patel. Air pollution sensitive
detection of ten pollutant gases by carbon monoxide and carbon dioxide
lasers. Science 177:347 (1972).




177,

178.

179.

180.

181.

182.

183.

184,

185.

186.

187.

188.

189.

190.

191.

Kritchman, E., S. Shtrikman, and M. Slatkine. Resonant optoacoustic
cells for trace gas analysis. J Opt Soc Am 68:1257 (1978).

Ku, R. T., E. 0. Hinkley, and J. 0. Sample. Long path monitoring of
atmospheric carbon monoxide with a tunable diode laser system. Appl
Opt 14:854 (1975).

Kuhl, W., G. R. Schodder, and F. K. Schroeder. Condenser transmitters and
microphones with a solid dielectric for airborne ultrasonics. Acustica
4:519 (1954).

Kundert, W. R, Everything you have wanted to know about measurement
microphones. Sound and Vibration 31:10 (1978).

Laguna, G. A., and E. Strom. Direct measurement of the absorption coeffi-
cient for transition in HF. J Appl Phys 46:5049 (1975).

Lahmann, W., H. J. Ludewig, and H. Welling. Optoacoustic trace analysis
in liquids with the frequency modulated beam of an argon ion laser,
Anal Chemn 49:549 (1977).

Lakhov, Y. N., V. S. Mospanov, and Y. D. Fiveiskii. An optoacoustic
technique for measuring the optical absorption coefficient in solids.
Sov J Quantum Elec 1:252 (1971).

Laser Focus 1979 buyers' guide with fiber optic communications. Advanced
Technology Publications Incorporated, Newton, Mass., 1979.

Lawandy, N. M. Optoacoustic measurement of vibrational-translational
(V-T) rates using a short pulse CO, laser. Infrared Phys 20:131
(1980).

Lee, Y. W. Statistical theory of communications. New York: John Wiley
& Sons, 1960.

Letzer, S. G. Explore the Tock-in amplifier. Electronic Design 21:104
(1974).

Li, C. P., and J. Davis. Photoacoustic spectroscopy in several gases at
CO, laser wavelengths. Appl Opt 18:3541 (1979).

Light beam chopper - model 383. Catalog IPS-110. Ithaco Incorporated,
[thaca, N.Y., 1979.

Light measurement terminology and techniques. Light instrumentation
application note L2001A-3, Princeton Applied Research Corporation,
Princeton, N.J., 1976.

Lin, J. W., and L., P, Dudek. Signal saturation effects and analytical
techniques in photoacoustic spectrascopy of solids. Apal Chem 51:1627
(1979).




143.

194.

197.

198,

199,

200.

201,

202.

203.

204.

706.

Lochmuller, C, H., S. F. Marshall, and . R. Wilder. Photoacoustic spec-
troscopy of chemically bonded chromatographic stationdry phases. Anal
Chen 52:19 (1980).

lLock-in amplifiers, Catalog T218N-30M-12/77. Princeton Applied Research
Corporation, Princeton, N.J., 1977.

Loper, G. L., A, R. Calloway, M. A, Stamps, and J. A. Gelbwachs. (0,
laser photoacoustic detection of toxic vdpors. Sixth Annual Meetina of
the Federation of Analytical Chemistry and Spectroscopy Societies,
Philadelphia, Pa., 16-21 Sept 197Y.

Low, M. J., and G. A, Parodi. Infrared photoacoustic spectroscopy of
solids and surface species. Appl Spectroscopy 34:76 (19801),

Luft, K. F. A new recording method for gas analysis by means of infrared
absorption without spectral splitting. Z Technische Physik 24:97
(1943).

Malistadt, H. V., C. G. Enke, S. R. Crouch, and G. Horlick., Optimization
of electronic measurements, Menlo Park, Calif.: RBenjamin Press, 1974,

Malpas, R. F., and A. J. Bard. In situ monitoring of electrochromic
systems by piezoelectric detector photoacoustic spectroscopy. Anal
Chem 52:109 {1930).

Mantz, A. W., FE. R. Nichols, B. D. Alpert, and K. N. Rao. €0 laser
spectra studied with a 10 meter vacuum infrared grating spectrograph.
J Molecu'lar Spectroscopy 35:325 (1970).

Margolis, J. S. All electric gas detector. NASA Technical Brief,
NPO-14341, 1979,

Margolis, J. S. Differential spectrophone. NASA Technical Brief,
NPD-14599, 1974,

Margolis, J. S., and M, S. Schumate. Stark cell optoacoustic detection of
constituent gases in a sample cell, Patent application. NASA
case-NP0-14143-1 (N79-10169), serial No. 938297, 1973.

Maugh, T. H. Photoacoustic spectroscopy: new uses for an old technigue.
Science 188:38 (1975},

Max, E., and L. G. Rosengren. C(haracteristics of a resonant optoacoustic
yas concentration detector. uptics Commun 11:422 (1974),

Mayer, A., J. Comera, H. Carpentier, and C. Jaussaud. Absorption co-
efficients of various pollutant gases at CO, laser wavelengths. Appl
Apt 19:1577 {1980).

McClelland, 1. F., and R. N. Kniseley. Photoacoustic spectroscopy with
condensed samples.  Appl Opt 15:2658 (1976).




206,

209,

210,

211,

~Ne
—
N
.

[RS]
—
(o)
.

214,

213,

214,

220.

deCiedland, J. F.o, and R, N. Kniseley, Scattered light etfects in photo-
acoustic spectroscopy. App! Upt 15:2967 (13/6).

McClelland, J. F., and R, N. Kniselev., Siqnal saturation effects in
photodcoustic spectroscopy. Appl Phys Lett 28:467 (1976).

McCoy, J. H. Atmospheric absorption of carbon dioxide laser radiation
near ten microns. Technical report 2476-2. The Ohio State University
Eiectro-Science Laboratory, Nepartment of Electrical Engineering,
Columbus, Ohio. (Available NTIS AD839938, 1968)

Mchavid, J, M., Y. L. Lee, 5. S. Yee, and M. A, Afromowitz. Photoacoustic
deterwination of the optical absurptance of highly transparent solids.
J Appl Phys 49:6112 (197v),

McDonald, F. A, Photoacoustic determindation of small optical absorption
coetficients: extended theory. Appl Opt 13:1363 (1979).

McDonald, F. A. Photudcoustic eftect and the physics of waves. Am J Phys
43:41 (1930).

McFartane, C. G., and L. D. Hess. Photoacoustic measurements of ion-
implanted and laser-ariealed GaAs. Appl Phys Lett 36:137 (1980).

Measuring microphones. Technical publication DK-2850. Bruel and Kjaer,
Naerum, Denmark, 1977,

Melngailis, [., and A. Mouradian. Laser applications to optics and spec-
troscopy. Reading, Mass., Addison-Wesley, 1975,

Mercadier, M. E. Radiophony. Phil Mag 11:78 (18831).
Merkle, L. D., and R. . Powell. Phogoacoustic spectroscopy investigation
of radiationless transitions in Eu“* dons in KC) crystals. Chem Phys

Lett 46:303 (1977).

Microphone preamplifiers. Product data bulletin 15-134, Rruel and
Kjaer, Naerum, Nenmark, 1973,

Microphanes and microphone preanplifiers. Technical publication NDK-2350M,
Bruel and Kjaer, Naerum, Denmark, 1975,

Model 60Ul photoacoustic spectrometer, Cataloy T390A-7M-8/79-RP. Prince-
ton Applied Research Corporation, Princeton, N.J., 1979.

Model PLL1 CO, laser. Product bulletin, Edinburgnh Instruments - Boston
Electronics, Boston, Mass., 1979,

Model PL? CU, laser. Product bulletin, Edinburgh Instruments - Boston
Electronics, Boston, Mass.,, 1979,

Monah.n, t. M., and A, W. Nolle., Quantitative study of a photoacoustic
system tor powdered samples. 0 Appl Phye, 33:3819 (1477),

hl




————

224,

225,

226.
227,

228,

229.

Z31.

232.

235,

236.

237,

238.

239.

240.

Mooradian, A., T. Jaeger, and F. Stokseth. lunabie ldaser applications.
Berlin: Springer-Verlag, 19/7.

Moore, R. D. Louck-in amplifiers for signals buried in noise. Electronics
35:40 (1962).

Morse, P. M. Vibration and sound. New York: McGraw-Hill, 1948.

Morse, P. M., and K. V. Ingard. Encyclopedia of physics, vol X1, p. 1.
Berlin: Springer-Verlag, 1961.

Morse, P. M., and K. V. Ingard. Theoretical acoustics. New York:
McGraw-Hil11, 1968,

Motchenbacher, C. D., and F. C. Fitchen. Low noise electronic design.
New York: John Wiley and Sons, 1973.

Munroe, D. M., and H. S. Reichard. Photoacoustic spectroscopy of solids.
Application note 147, Princeton Applied Research Corporation, Prince-
ton, N.J., 1Y76.

Munroe, D. M., and H. S. Reichard. Practical photoacoustic spectroscopy
of solids. Am lLab 9:119 (1977).

Murphy, J. C., and L. C. Aamodt. Photoacoustic spectroscopy of lumines-
cent solids: ruby. J Appl Phys 48:3502 (1977).

Murphy, J. C., L. C. Aamodt, and C. K, Jen., Energy transport in ruby via
microwave optical experiments. Phys Rev 314:2009 (1974).

Murphy, J. C., L. C. Aamodt, and C. K. Jen. Microwave induced modulation
of R, emissions in ruby above the critical concentration. Bull Am Phys
Soc 17:109 (1972).

Murray, £E. R., and J. E. Van Der Laan. Remote measurement of ethylene
using a (0, differential absorption lTidar. App! Opt 17:814 (1978).

Nill, K. W. Spectroscopy with tunable laser diodes. Llaser Focus 13:32
1977.

Nittrover, C. A. Signal averagers. Technical application note T-162A.
Princeton Applied Research Corporation, Princeton, N.J., 1968.

Nodov, £, Optimization of resonant cell design for optoacoustic spectros-
copy (H-type). Appl Opt 17:1110 (1978).

Noise in amplifiers. Technical note 243. Princeton Applied Research
Corporation, Princeton, N.J., 1976.

Noonan, J. A., and D. M. Munroe. What is optodcoustic spectroscopy?
Uptical Spectra 13:28 (1979).




{

241, Nussmerer, V. Ao, and R. L. Abrans.  Stark cell stabilbization of 1 Chis
taser.  Appl Phys Lett 25:61% (1y/74).

247, Nyquist, H. Thermal agitation of electric charye in conductors. Phys Rey
32:110 {1924).

245, U'Haver, T. C. Lock-in auplifiers I. J Chem Educ 49:A11 (1972).
244, UO'Haver, T. C. Lock-in amplitiers Il. J Chem Educ 49:A214 (1972).

245, Oda, S., T. Sawada, and H. Kamade. Determination of ultra-trace cadmiun
by laser induced photoacoustic absorption spectrometry. Anal Chen
50:865 {1973).

246, 0Oda, S., T. Sawada, M. Nomura, and H. Kamada. Simultaneous determination
of mixtures in liquid by laser induced photoacoustic spectroscopy.
Anal Chem 51:686 (1979)

247. 0da, S., T. Sawada, T. Moriguchi, and H, Kamada. Analysis of turbid solu-
tions by laser-induced photoacoustic spectroscopy. Anal Chem 52:650
(1980).

248. Ulson, k. C., and C. . Alway. Automatic recording of derivative ultra-
violet spectra. Anal Chem 32:370 (1960).

249, WVison, H. F, Elewents ot acoustical engineering. Princeton, N.J.: Van
Nostrand-Reinhold, 1947,

250. Optical elements for industry, science, and technology. Rodenstock Preci-
sion Optics Incorporated, Morton Grove, 111., 18479.

251. Optical systems and components. Product catalog. Oriel Corporation,
Stamford, Conn., 1979,

252. Uptoacoustic detection. Product catalog for the model L-1400 laser opto-
acoustic spectrometer. Gilford Instrument Laboratories Incorporated,
Oberlin, Ohio, 1979.

253. Optoacoustic spectrometer - model UAS400. Product bulletin., Rofin Uptics
and Flectronics, Newton Upper Falls, Mass., 1979.

254, Optoacoustics ineasure diesel emission particuldtes in N.5-sec response
time. Design News 35:16 (19/9).

2?55, Ortholoc SC9504. Catalag TWO 6/8. Praincetoun Applied Research Corpora-
tion, Princeton, M.J., 1978.

Z50. Pao, Y. ', Optodgcoustic spectroscopy and detection. New York:
Acadenic Press, 1977,

257. Pao, Y. H., and P, C, Claspy. Desiyn, construction, and evaluaticn of a
nigh pressure electric field optoacoustic detector. NTIS AD-A0257/2,

IL)I)(). 1

63

-




2H8.

259,

260,

261.

262.

263,

266.

267.

268,

269,

270,

271,

Parker, J. . Optical absc.otion in glass: pvestiydtions using an
dqeoustic technique.  Appl Opt 12:2974 (1973).

Parker, J. i., and D. N. Ritke. (ollisional deactivation of vibrationally
excited singlet moleculdar oxyqen. J Chem Phys %9:3713 (1973).

PAS-100 Photo Acoustic Cell. Data sheet PAS 241-2%0. Burleigh Instrumen-
tation Company, Fishers, N.Y., 1980,

Patel, C, K. (oherence and quantwi optics. New York: Plenum Press,
1973.

Patel, C. K. Use of vibrational energy transfer for excited state opto-
acoustic spectroscopy of molecules. Phys Rev Lett 40:535 (1978),

patel, C. K., E. G, Burkhardt, and C. A. Lambert. Spectroscopic measure-
ments of stratospheric nitric oxide and water vapor. Science 134:1173
(1974).

Patel, C. K., and R. J. Kerl. A new optoacoustic cell with improved per-
tormance., Appl Phys Lett 30:578 (1977).

Patel, C. K., R, J. Kerl, and E. G. Burkhardt. ktxcited state spectroscopy
of molecules using optoacoustic detection. Phys Rev lLett 38:1204
(1977).

Patty, R. R., G. M. Russwurm, W. A. McClenny, and D. R, Morgan. (O, laser
absorption coefficients for determining ambient levels of 05, NH3, and
CoHy. Appl Opt 13:2850 (1974).

Penner, S. S., K. fi. Sulzmann, and H. K. Chen. Tunable laser derivative
spectroscopy on spectral lines with combined doppler and collision
broadening. J Quantum Spectroscopy and Radiation Transfer 13:705
(1973). '

Perlnutter, P., S. Shtrikman, and M, Slatkine. Optoacoustic detection of
ethylene in the presence of interfering gases. App! 0Opt 18:2767
(1979).

Peterson, J. C. A differential spectrophone of unique design. Thesis,
The Ohio State University, Columbus, Ohio, 1976.

Peterson, J. C. A study of water vapor absorption at C0O, laser frequen-
cies using a differential spectrophone and white cell., Ph.D, disserta-
tion, The Dhio State University, Colwabus, Ohio, 1978.

Peterson, J. C., M. E. Thomas, R. J. Nordstrom, and E. K. Damon. MWater
vapor-nitrogen absorption at CO, laser frequencies. Appl Opt 13:834
(1979;.

Peterson, J. (., K. J, Nordstrom, and R. K. Long. Subhtle source of con-
tamination in spectrophones. Appl Opt 15:2974 (1Y76).




275.

276.

2717,

278.

279.

280.

281.

282.

283.

284.

285.

286.

237.

288.

260,

290.

Pfund, A. H. Atmospheric contamination. Science 90:362 (19.y,.

Photoacoustic cell., Burleigh Instruments Incorporated product descrip-
tion., Optical Spectra 14:82 (1980).

Photoacoustic cell. Model PA-505 product description. Photo-Acoustics
Incorporated, Rochester, Mich., 1980.

Photoacoustic cell. Laser Focus 15:73 (1979).

Photoacoustic observation of asbestos is described at OSA's topical meet-
ing. Laser Focus 15:44 (1979).

Photoacoustic spectroscopy - analysis from a different point of view,.
Technical publication TN120-20M-2/78. Princeton Applied Research Cor-
poration, Princeton, N.J., 1978,

Pidgeon, C. R., and M. J. Colles. Recent developments in tunable lasers
for spectroscopy. Nature 279:377 (1979).

Preamp selection guide. Technical publication T348. Princeton Applied
Research Corporation, Princeton, N.J., 1975.

Precision lock-in amplifier 9503. Catalog 978. Princeton Applied
Research Corporation, Princeton, N.J., 1978.

Precision microphones for acoustic measurements. Product catalog JN996-
1078. GenRad Corporation, Concord, Mass., 1979.

Precision optical components and precision mechanical glass work. Product
catalog. Bond Optics Incorporated, Lebanon, N.H., 1979,

Precision optics and coatings. Product catalog. Spectra-Physics Incorpo-
rated, Mountain View, Calif., 1979,

Preece, W. H. 0On the conversion of radiant energy into sonorous vibra-
tions. Proc Roy Soc (London) 31:506 (1881).

Price, R. The detection of signals perturbed by scatter and noise. IRE
Trans I[nformation Theory I17-4:163 (1954).

Quimby, R. S., P. M, Selzer, and W. M, Yen. Photoacoustic cell design:
resonant enhancement and background signals. Appl Opt 16:2630 (1977).

Radeka, V. (1/f) noise in physical measurements. IEEE Trans Nuclear Sci
NS-16:17 (1969).

Radiation chopper - series 190. Product bulletin. Edinburgh Instru-
ments - Boston Electronics, Boston, Mass., 1979.

Radiation measurement and control from ultraviolet to far infrared. Prod-
uct catalog. Laser Precision Corporation, Utica, N.Y., 1979,

-




291.

2972,

293.

2494,

295.

296,

297.

299,

300,

301.

302.

303.

304.

305.

306.

307.

308,

Rayleigh, L. The theory of sound. New York: Dover Publications, 1945,

Read, A. W. Impulsive optoacoustic effect of C0,, SFg, and NH; mole-
cules. Adv Mol Relaxation Processes 1:257 (1967-1968).

Reschvkin, S. N, The theory of sound. New York: Macmillan, 1963.

Richton, R, E. NO line parameters measured by CO laser transmittance.
Appl Opt 15:16386 (1976).

Robin, M., B., and N. A, Kuebler., Radiationless decay in the aromatic
ketones as studied by optoacoustic spectroscopy. J Am Chem Soc
97:4822 (1975).

Robin, M. B., and N. A, Kuebler. Radiationless relaxation in solids as
measured by a heat pulse technique. J Chem Phys 66:169 (1977).

Rockley, M. G., and J. P. Devlin. Observation of a nonlinear photo-
acoustic signal with potential application for nanosecond time resolu-
tion. Appl Phys Lett 31:24 (1977).

Roentgen, W. C. On tones produced by the intermittent irradiation of a
gas. Phil Mag 11:308 (1881).

Roentgen, W. C. lilber tone, welche durch intermittirende bestrahlung eines
gases entstehen. Ann Phyzik u Chemie 12:155 (1881).

Roessler, N. M., and F. R Faxvog . Photoacoustic determination of optical
absorption to extinction ratio in aerosols. Appl Opt 19:578 (1980).

Roh, W. B., and K. N. Rao. CO laser spectra. J Mol Spectrosc 49:317
(1974).

Root, W. L. An introduction to the theory of the detection of signals in
noise, Proc IEEE 58:610 (1970).

Rosen, H., A. D. Hansen, L. Gundel, and T. Novakov. Photoacoustic
investigation of urban aerosol particles. Appl Opt 17:3859 (1978).

Rosencwaig, A. Advances in electronics and electron physics. New York:
Academic Press, 1978.

Rosencwaiqg, A. Photoacoustic spectroscopy of biological materials.
Science 181:657 (1973).

Rosencwaig, A. Photoacoustic spectroscopy of solids. Optics Commun
7:305 (1973).

Rosencwaiq, A, Photoacoustic spectroscopy of solids. Phys Today 28:23
(1975).

Rosencwaig, A. Photoacoustic spectroscopy of solids. Rev Sci Instrum
48:1133 (1977).

b6




309.

310,

311,

312.

313.

314,

315,

316.

317.

318,

319.

320.

321.

322.

323,

324.

Rosencwaig, A. Photoacoustic spectroscopy: a new tool for investigation
of solids. Anal Chem 47:592 (1975).

Rosencwaiq, A., and A. Gersho. Photoacoustic effect with solids: a
theoretical treatment. Science 190:556 (1975).

Rosencwaig, A., and A, Gersho. Theory of the photoacoustic effect with
solids. J Appl Phys 47:64 (1976).

Rosencwaig, A., and J. B. Willis. Photoacoustic study of ldaser damage in
thin films. Appl Phys Lett 36:667 (1980).

Rosengren, L. G. A new theoretical model of the optoacoustic gas concen-
tration detector. Infrared Phys 13:109 (1975).

Rosengren, L. G. Optimal optoacoustic detector design., Appl Opt 14:1960
(1975).

Saltzman, B. E., and J. E. Cuddleback. Air pollution. Anal Chem 47:1R
(1975).

Schlausener, S. A., J. D. Lindberg, and K. 0. White. Differential spec-
trophone measurements of the absorption of laser energy by atmospheric
dust. Appl Opt 14:2564 (1975).

Schlausener, S. A., J. D. Lindberg, K. 0. White, and R. L. Johnson.
Spectrophone measurements of infrared iaser energy absorption hy
atmospheric dust. Appl Opt 15:2546 (1976).

Schnell, W., and G. Fischer. Carbon dioxide laser absorption coefficients
of various air pollutants. Appl Opt 14:2058 (1975).

Schnell, W., and G. Fischer. Detection of air pollutants with a tunable
CU, laser. Rapport de la Societe Suisse de Physique 26:133 (1975).

Schottky, W. “Uber spontane stromschwankungen in verschiedenen
elektrizitatsleitern. Ann Phyzik 57:54 (1918).

Schumate, M, S. Differential optoacoustic absorption detector. Patent
application. NASA case-NP0O-1375Y, serial No. 718266, 1976.

Schumate, M. S., R. T. Menzies, J. S. Margolis, and L. G. Rosengren.
Water vapor absorption of carbon dioxide laser radiation. Appl Opt
15:2480 (1976).

Scientific laser products - sealed tube CO, lasers and accessories. Prod-
uct bulletin and price list. GTE Sylvania Incorporated, Mountain View,
Calit., 1979,

Scientific lasers and accessories. Short foru catalog. Spectra Physics
Incorporated, Mountain View, Calif., 1979,




325,

326.

327.

323.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340,

Series 900 CO, sealed tube lasers. Scientific laser product catdlog.
Spectra Physics Incorporated, Mountain View, Calif,, 1979,

Series 3800 waveguide CQ, lasers. C(atalog SL3162 IM/6-/9/934. Hughes
Aircraft Company, Carlsbad, Calif.,, 1979,

sessler, G. M., and J. E. West. Condenser microphones with electret foil.
J Audio Eng Soc 12:129 (1964).

Sessler, 6. M., and J. E. West. Electret transducers: 4 review. J Acous
Soc Am 53:1589 (1973).

Sessler, G. M., and J, E. West. Ffoil-electret microphones. J Acous Soc
Am 40:1433 (1966).

Shtrikman, S., and M. Slatkine. Trace gas analysis with a resonant opto-
acoustic cell operating inside the cavity of a CO, laser. Appl Phys
Lett 31:830 (1977).

Signal waveform recorders. Catalog T402-20M-8/79-GD. Princeton Applied
Research Corporation, Princeton, N.J., 1979,

Signal-to-noise optimization in precision measurement systems. Technical
Note T-198A. Princeton Applied Research Corporation, Princeton, N.J.,
1963,

Skolnik, L. Optical properties of highly trdansparent solids. New York:
Plenun Press, 1973,

Skolnik, L., A. Hordvik, and A. Kahan. Laser doppler interferometry for
measuring small absorption coefficients. Appl Phys Lett 23:477 (1973).

Skomoano, R. Photoacoustic spectroscopy of condensed matter. Angew Chem
Int1 Ed Engl 17:238 (1978).

Slobodskaya, P. V. Determination of the velocity of the transition from
vibrational to translational energy of molecules with the aid of a
spectrophone. Izvest Akad Nauk 12:656 (1948).

Smith, K. L. The ubiquitous phase detector. Wireless World 77:367
(1972).

Smith, R. G. Laser handbook. Amsterdam: North Holland Publications,
1972.

Sound, vibration, and signal analysis instrumentation. Short form cata-
log. Bruel & Kjaer, Naerum, Denmark, 1979.

Sparks, M., and C. J. Duthler. Theory of infrared absorption dand material
failure in crystals inclusions. J Appl Phys 44:3033 (1973).

Specifying lock-in amplifiers., Technical Note 116. Princeton Applied
Research Corporation, Princeton, N.J., 1976,




344,

345,

346.

347.

348,

349,

350.

351.

352.

353.

354.

395,

356,

357.

spencer, . J., G. C. Oenault, and H. H. Takimotou. Atmospheric ges
absorption at DF laser wavelengths, Appl Upt 13:2855 (19/74),

Steinfeld, J. [., and B. D. Green. Monitoriny spdcecraft atmospheric con-
taninants by laser absorption spectroscopy. NASA final technical
report NGR-22-009-766, 1976.

Steinteld, J. ., and C. C. Jensen, TJunable lasers applications. Berlin:
Springer-Verlag, 1476.

Stepanov, B. 1., and 0. P. Girrin. Determination of the duration of the
excited oscillatory state with the aid of the spectrophone. J Exptl
Theor Phys (USSR) 20:947 (1950).

Swada, T., S. Oda, H. Shimizu, and H. Kamada. Laser-induced photoacoustic
spectroscopy of some rare earth ions in aqueous solutions. Anal Chem

51:688 (1978).

Sweger, N, M., and J. C. Travis. An application of infrared lasers to the
selective detection of trace organic gases. App! Spectrosc 33:46
(1979).

Terr, K. On the optimum configuration for & condenser microphone.
Acustica 15:256 (1965).

The heterodyning lock-in amplifier. Catalog [AN-23. I[thaco Incorporated,
[thaca, N.Y., 1979.

The use of a lock-in amplifier for the detection and measurement of light
signals. Special signal application note. Princeton Applied Research
Corporation, Princeton, N.J., 1967.

Thomas, L. J., M., J. Kelley, and N. M. Amer. The role of buffer gases in
optoacoustic spectroscopy. Appl Phys Lett 32:736 (1978).

Thurston, R, N. Physical acoustics. New York: Academic Press, 1964.

Tolstoi, N. A., L. Shun-fu, and M, E. Lapidus. The luminescence kinetics
ot chromium lumens. 0Npt Spectrosc {USSR) 13:133 (1962).

Tripodi, R. Interpretation of spectrophone results for C0,. J Chem Phys
52:3293 {1970).

Tripodi, R., and W. G. Vincenti. A gas dynamic model for coupled vibra-
tional and radiative nonequilibrium in CO, with an application to the
spectrophone. J Chen Phys 55:2207 (1971).

Trusty, 6. L. Absorption measurements of the 10.4 micron region using a
CO, laser and a spectrophone. NTIS AD 907549, 1972,

Tyndall, J. Action of an intermittent beam of radiant heat upon gaseous
matter. Proc Roy Soc (London) 31:307 (1881).

bY

WYY T 0 ¥ e Ak AT A W %

‘“___‘

b an A e




e s

3by.

359,

360.

361.

363,

364.

365,

366,

367.

368.

369.

370,

371.

Ultraviolet, visible, inftrared lens systems, fieneral catalog., Unique
Uptical Company, fdarmingdale, N.Y., 1974,

Van Der Ziel, A. Noise. Englewood-Clifts, N.,J.: Prentice-Hall, 1954.

Veingerov, M, L. A wethod for gas analysis based on the Tyndall-Rontgen
optical-acoustical phenomenon. Compt Rend Acad Sci 19:687 (1938).

Veingerov, M. L. Spectrophone--an instrument for investigation of infra-
red absorption spectra of gases and for quantitative and qualitative
spectrum analysis of multicomponent gas mixtures. Compt Rend Acad Sci
46:182 (1945).

Veingerov, M. L. Spectrophone--an instrument for investigation of infra-
red absorption spectra of qgases and for quantitative and qualitative
spectrum analysis of multicomponent gas mixtures. foklady Akad Nauk
46:200 (1945),

Vidrine, D. W. Photoacoustic fourier transform infrared spectroscopy ot
solid samples. Appl Spectroscopy 34:311 (1980),

Wainstein, L. A., and V. D. Zubahov. Extraction of signals from noise.
Englewood-Cliffs, N.J.,: Prentice-Hall, 1962,

Wake, D. R., and N. M. Amer. The dependence of an acoustically nonreso-
nant optoacaustic signal on pressure and buffer gases. Appl Phys Lett
34:379 (1979),

Wakefield, T. D. A laser optodcoustic spectrometer for gas concentration
measuresients. Proceedings of the Pittsburgh Conference on Analytical
Instrumentation, Cleveland, Ohio, 6 March 1979.

Wakefield, T. D., and R. E. Blank. A toxic gas monitor with pph sensitiv-
ity using an automated laser optoacoustic spectrometer. Proceedings
of the Pittsburgh Conference on Analytical Instrumentation, Pittshurgh,
Pa., 3 Mar 1978.

Walther, H. Laser spectroscopy of atows and molecules. Berlin:
Springer-Verlaq, 1976.

Walzer, K., M. Tacke, and G. Busse. Optoacoustic spectra of some far
infrared laser active elements. Infrared Physics 19:175 (1979).

Wang, T. T., J. M. Mchavid, and S. S. Yee. Photodacoustic detection of
localized absorption regions. Appl Opt 18:2354 {1979).

Weagant, R. A,, and C. H, Beebe. laser optoacoustic explosives detection.
NTIS PBZ285556, 1977.

Wetzel, G. C., and F. A, McDonald. Photoacoustic determination ot abso-
lute optical absorption coetticient., Appl Phys Lett 30:25% {(1977).




373.

374,

375.

376,

377.

378.

379.

380.

383,

384,

385.

386,

387.

white, K. 0., W. R. Watkins, C. W. Bruce, R. E. Meredith, and F. u. Smith,
Water vapor continuum absorption in the 3.5 - 4.0 micron region. Appl
Opt 17:2711 (1968).

Wickramasinghe, H. K., R. C. Bray, V. Jipson, C. F. Quate, and J. R.
Salcedo. Photoacoustics on a microscopic scale. Appl Phys Lett 33:923
{1978).

Wilks infrared spectroscopy accessories. Product bulletin, Analabs
Incorporated, North Haven, Conn., 1979.

Williams, J. T., and R. N. Hager. The derivative spectrometer. Appl Opt
9:1597 (1970).

Wintle, H. J. Introduction to electrets. J Acous Soc Am 53:1578 (1973).

Wong, Y. H., R. L. Thomas, and G. F. Hawkins. Surface and subsurface
structure of solids by laser photoacoustic spectroscopy. Appl Phys
Lett 32:538 (1978).

Woodmansee, W, E., and J. C. Decius. Vibrational relaxation in carbon
monoxide by the spectrophone frequency response method. J Chem Phys
36:1831 (1972).

Wynne, J. J., and P. P. Sorokin. Optically pumped stimulated emission and
stimulated electronic Raman scattering from K atoms. J Phys B8:L37
(1975).

Wynne, J. J., P. P, Sorokin, and J. R. Lankard. Laser spectroscopy. New
York: Plenum Press, 1974.

Yamada, C., T. Aoki, and J. Katayama. Soundwaves excited by a CO,
Q-switched laser. J Appl Phys 40:5404 (1969).

Yasa, Z., N. M. Amer, H. Rosen, A. D. Hansen, and T. Novakov. Photoacous-
tic investigation of urban aerosol particles. Appl Opt 18:2528 (1979).

Yen, W. M. Photoacoustic and photothermal spectroscopy of ions in solids.
NTIS AD66063, 1978.

Young, P. H., To detect signals buried in noise, build a phase-locked
receiver, Electronic Design 12:64 (1971).

Zaalberg van Zelst, J. J. Circuit for condenser microphones with low
noise level. Phillips Tech Rev 9:357 (1947).

Zare, R. N. Laser spectroscopy. Proc Second Internat. Laser Spectroscopy
Conf., Megeve, 23-27 June 1975. Berlin: Springer-Verlag.







